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I. SUMMARY 

A d i g i t a l  computer program c a l l e d  t h e  Chebychev T r a j e c t o r y  Optimization 

Program (CHEBYTOP) is described. The purpose of CHEBYTOP i s  t o  pro- 

v i d e  a n  a n a l y s i s  t o o l  t h a t  w i l l  enable  t h e  u s e r  t o  r a p i d l y  conduct t h e  

op t imiza t ion  and parametr ic  a n a l y s i s  of i n t e r p l a n e t a r y  missions em- 

ploying e l e c t r i c a l l y  p rope l l ed  spacec ra f t .  

cal op t imiza t ion  algorithm, c a l l e d  t h e  Chebychev Optimization Method, 

i s  used. 

and r e l i a b i l i t y  than o t h e r  e x i s t i n g  methods of comparable accuracy 

and v e r s a t i l i t y .  In some cases t h e  ope ra t ing  speed i s  more than  a 
f a c t o r  of t e n  f a s t e r  t han  conventional methods. 

A new a n a l y t i c a l  and numeri- 

The r e s u l t i n g  computer program ope ra t e s  w i th  g r e a t e r  speed 

The program is s p e c i a l i z e d  t o  s o l v e  f o r  i n t e r p l a n e t a r y  t r a j e c t o r i e s ,  

w i th  t h e  p l a n e t s  themselves assumed massless. 

and v e l o c i t i e s  are computed in t h e  program from s t o r e d  o r b i t a l  ele- 

ments. 

set of elements l e f t  f o r  t h e  u s e r  t o  spec i fy .  The l a t t e r  op t ion  is  

use fu l  when designing such missions as an a s t e r o i d  probe o r  an ou t  

of t h e  e c l i p t i c  probe. E i t h e r  rendezvous (matching t h e  p l a n e t ' s  

o r b i t a l  v e l o c i t y  about t h e  sun), f lyby  (marching on ly  t h e  p l a n e t ' s  

p o s i t i o n  a t  t h e  t e rmina l  time) o r  excess v e l o c i t y  t r a j e c t o r i e s  may be 

obtained.  Excess v e l o c i t y  t r a j e c t o r i e s  are those  which a r r i v e  o r  de- 

p a r t  from a massless p l a n e t  w i t h  a s p e c i f i e d  v e l o c i t y  r e l a t i v e  

t o  t h e  p l ane t .  

P l ane ta ry  p o s i t i o n s  

The elements of t h e  n ine  p l a n e t s  are a v a i l a b l e ,  with a t e n t h  

CHEBYTOP w i l l  compute e i t h e r  v a r i a b l e  t h r u s t  o r  constrained t h r u s t ,  

multiple-coast  t r a j e c t o r i e s .  Variable  t h r u s t  answers are computed by 

t h e  Chebychev Optimization Method. 

t a ined  by a p r e d i c t i o n  scheme which uses  t h e  v a r i a b l e  t h r u s t  answer 

Thrust-l imited r e s u l t s  are ob- 

as a b a s i s  f o r  approximating multiple-coast  r e s u l t s .  

The use r  has a n  o p t i o n  of spec i fy ing  t h e  n a t u r e  of t h e  power source 

assumed t o  d r i v e  t h e  electric t h r u s t e r s .  The power can be assumed 
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e i t h e r  cons t an t  o r  v a r i a b l e .  

s o l a r  power source,  causing t h e  power t o  va ry  as a f u n c t i o n  of t h e  

r a d i u s  from t h e  sun. E i t h e r  power o p t i o n  can be  used with e i t h e r  

v a r i a b l e  o r  cons t r a ined  t h r u s t  performance. 

The v a r i a b l e  power o p t i o n  approximates a 

The program is  s e l f - s t a r t i n g .  In-other-words, on ly  t h o s e  boundary 

cond i t ions  of immediate concern t o  t h e  u s e r  need be inpu t .  Guesses 

of undetermined m u l t i p l i e r s  and c o n t r o l  v a r i a b l e  s ta te  h i s t o r i e s  are 

unnecessary. 

Coding w a s  done i n  FORTRAN I V  f o r  t h e  IBM 360 series computers. The 

c o r e  requirements are 150,000 bytes .  No a u x i l i a r y  t a p e s  are needed. 

2 
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11. INTRODUCTION 

The development of t h e  Chebychev T r a j e c t o r y  Optimization Program 

(CHEBYTOP) w a s  motivated by t h e  need f o r  a f a s t  ope ra t ing  and r e l i a b l e  

low-thrust t r a j e c t o r y  design t o o l .  The determinat ion of optimum 

f i n i t e - t h r u s t  t r a j e c t o r i e s  i n  a c e n t r a l  f o r c e  f i e l d  normally r e q u i r e s  

solving a problem i n  t h e  c a l c u l u s  of v a r i a t i o n s .  Conventional techni- 

ques f o r  a t t a c k i n g  t h e  problem r e q u i r e  l a r g e  amounts of computer t i m e .  

CHEBYTOP makes u s e  of a new a n a l y t i c a l  and numerical op t imiza t ion  

method, descr ibed i n  Reference 1, c a l l e d  t h e  Chebychev Optimization 

Method. Through t h e  u s e  of approximating polynomials t h e  method re- 

duces t h e  v a r i a t i o n a l  problem t o  one of o rd ina ry  ca l cu lus .  Computa- 

t i o n a l  speed has  been achieved because t h e  method e l imina te s  t h e  need 

f o r  time-consuming numerical i n t e g r a t i o n  and provides  f o r  r ap id  

computation of t h e  d e r i v a t i v e s  of t h e  payoff.  I n  a d d i t i o n ,  s i n c e  t h e  

method w a s  developed wi th  computational e f f i c i e n c y  i n  mind, t h e  

computer program is c a r e f u l l y  organized throughout t o  minimize t h e  

number of ope ra t ions  p e r  i t e r a t i o n .  

The s o l u t i o n  of t h e  optimum th rus t - l imi t ed  problem is divided i n t o  

two s t e p s  w i t h i n  CHEBYTOP. Hence t h e  program i s  composed of two 

major sub-programs. The f i r s t ,  VTMODE, s o l v e s  t h e  unconstrained 

continuous-thrust  case (Variable  Thrust  Mode) using t h e  Chebychev 

Optimization Method of Reference 1. The second sub-program, TCTPRE, 

so lves  f o r  t h e  cons t an t  s p e c i f i c  impulse, t h rus t - l imi t ed  case, us ing  

t h e  p r e d i c t i o n  scheme descr ibed i n  Reference 2. 

d e t a i l s  of t h e s e  two algori thms are no t  contained i n  t h i s  document. 

The Analysis  s e c t i o n  fol lowing p r e s e n t s  only t h e  mod i f i ca t ions  t o  

References 1 and 2 which are incorporated i n  CHEBYTOP. Copies of 

t h e s e  r e fe rences ,  i f  not  r e a d i l y  a v a i l a b l e ,  can be obtained from t h e  

American I n s t i t u t e  of  Aeronautics and Astronaut ics .  

The mathematical 

An at tempt  w a s  made t o  create a program which would determine a n  

optimum t r a j e c t o r y  given on ly  t h e  r equ i r ed  mission design parameters 
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and which would c o n s i s t e n t l y  achieve a c c u r a t e  convergence. 

CHEBYTOP is  cons t ruc t ed  so t h a t  i t  can be used as a subrout ine of a 

mission a n a l y s i s  master program. Hence, a u x i l i a r y  parameters,  such 

as loop coun te r s ,  convergence cri teria,  and mesh p o i n t s ,  are program 

cons tan t s .  Although CHEBYTOP has proven t o  be  q u i t e  r e l i a b l e ,  a 

s e c t i o n  i s  included under Program Organizat ion c a l l e d  Adjustments and 

Modif icat ions which t e l l s  t h e  u s e r  how t o  perform m i n o r  changes. 

Therefore  

4 
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111. ANALYSIS 

DEFINITION OF PROBLEM 

The two-body equat ions 

kx 
3 r 

% + - = a  

of  motion of a n  i n t e r p l a n e t a r y  

O s t  s T  

where x = x ( t )  i s  t h e  p o s i t i o n  vec to r  of t h e  v e h i c l e ,  

v e h i c l e  are 

a = a ( t )  i s  

t h e  app l i ed  a c c e l e r a t i o n  v e c t o r ,  k i s  t h e  g r a v i t a t i o n a l  cons t an t  of  

t h e  sun, and r = 1x1. L e t  p = p ( r )  be t h e  power l e v e l  of t h e  power 

p l a n t  of t h e  v e h i c l e  with po = p(1) .  Then t h e  b a s i c  problem solved i s  

t h a t  of minimizing 

P 
J = J T J a I 2  d t  

0 P (r) 

s u b j e c t  t o  boundary condi t ions on x and t h r u s t i n g  c o n s t r a i n t s  on a. 

x (o ) ,  x(T),  and T are always assumed t o  be f ixed .  The program has 

t h r e e  op t ions  regarding k ( o ) ,  k(T). They may be f i x e d  (rendezvous) 

o r  vary f r e e l y  ( f lyby) ,  o r  vary over  a one o r  two-dimensional sphere 

( f ixed  hyperbol ic  excess  speeds).  

Two a c c e l e r a t i o n  o p t i o n s  are a v a i l a b l e .  The a c c e l e r a t i o n ,  a ,  may be 

completely unconstrained ( v a r i a b l e  t h r u s t )  o r  else a may be ass-med 

t o  d e r i v e  from a cons t an t  I s p  engine wi th  shut  down and start up 

c a p a b i l i t y .  I n  t h e  lat ter case w e  must have 

Here a i s  t h e  i n i t i a l  a c c e l e r a t i o n  of t h e  v e h i c l e  a t  1 au,  c t h e  

exhaust v e l o c i t y ,  1-1 t h e  r e l a t i v e  mass of t h e  v e h i c l e ,  and 
0 
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during powered phase 

during c o a s t  
0 (t) =: 

The program so lves  t h e  v a r i a b l e  t h r u s t  op t imiza t ion  problem i n  exac t  

f a sh ion ;  t h a t  i s  except f o r  roundoff and t r u n c a t i o n  e r r o r s  (and perhaps 

inadequate convergence), t h e  va lue  of J obtained by t h e  program can be 

assumed t o  be t h e  s o l u t i o n  of t h e  mathematical problem as posed. The 

constant  I s p  s o l u t i o n ,  on t h e  o t h e r  hand, i s  achieved us ing  c e r t a i n  

approximations t o  t h e  o r i g i n a l  mathematical problem, and t h e r e f o r e  

i t s  v a l i d i t y  must be a s c e r t a i n e d  on a n  empir ical  b a s i s .  

MATHEMATICS OF VARIABLE THRUST SOLUTION 

The b a s i c  mathematical foundation of t h i s  p a r t  of  t h e  program i s  

contained i n  Reference (1). Several  modif icat ions t o  t h e  development 

found t h e r e  are necessary owing t o  t h e  i n c l u s i o n  of v a r i a b l e  power 

and polynomial patching c a p a b i l i t i e s  i n  t h e  program. 

assume t h e  u s e r  i s  f a m i l i a r  w i th  t h e  material i n  Reference (l), and 

simply mention mod i f i ca t ions  here.  

Hence w e  s h a l l  

It w a s  noted i n  Reference 1 t h a t  f o r  long t r a j e c t o r i e s  i t  i s  more 

e f f i c i e n t  t o  r ep resen t  t h e  p o s i t i o n  vec to r  t i m e  h i s t o r y  by several 

s m a l l  o r d e r  polynomials matching p o s i t i o n  and v e l o c i t y  a t  j u n c t i o n s  

r a t h e r  than one l a r g e  o rde r  polynomial. 

t h a t  suggest ion and provides  f o r  s i x  polynomials of 9 t h  o r d e r  each. 

For t h e  s t a r t i n g  s o l u t i o n  each polynomial covers t h e  same elapsed t i m e ,  

however upon ob ta in ing  convergence t h e  t i m e s  are r e d i s t r i b u t e d  t o  

o b t a i n  a b e t t e r  r e p r e s e n t a t i o n  of t h e  t r a j e c t o r y .  

weighted sum of  t h e  performance index f o r  each l e g ,  

This  program incorpora t e s  

J then  becomes a 

-3 n l  
J =  C 2 r i  

i=l 'i 

Here T i s  t h e  elapsed t i m e  f o r  t h e  i t h  l e g  and P 
i i 

is t h e  performance 

6 
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index of t h e  i t h  l e g  as def ined by Equation (5) i n  Reference (1). 

A l l  d i f f e r e n t i a t i o n  formulas of Reference 1 can be appl ied s e p a r a t e l y  

t o  each P . i 

A redefined i n t e r p o l a t i o n  procedure w a s  used i n  Reference 1 to reduce 

execut ion t i m e  computing p a r t i a l  d e r i v a t i v e s .  Th i s  procedure matched 

t h e  polynomial d e r i v a t i v e s  a t  endpoints r a t h e r  t han  i n t e r p o l a t i n g  t h e  

second and next  t o  last  Chebychev p o i n t s .  

power e l imina te s  t h i s  savings,  however, and Px, Pxx are computed accord- 

i n g  t o  Equation (29), Reference 1. 

The i n c l u s i o n  of s o l a r  

The program performs i t s  opt imizing i t e r a t i o n s  using Gauss' method. 

A s p e c i a l  one dimensional search r o u t i n e  using t h e  secant  method 

has been included, however, t o  i n s u r e  t h a t  each i t e r a t i o n  y i e l d s  a 

smaller payoff than t h a t  of t h e  previous i t e r a t i o n .  Gauss' method 

seems t o  f i n d  t h e  proper d i r e c t i o n  i n  which t o  t a k e  a s t e p ,  but 

occas iona l ly  overshoots  t h e  s t e p  s i z e .  

but confined t o  s i t u a t i o n s  where t r ack ing  is  des i r ed .  

Newton's method i s  a l s o  used, 

The secant  method behaves as follows. L e t  f ( s )  be continuously d i f f e r -  

e n t i a b l e  on (-- ,-). L e t  s and s be two f i r s t  guesses t o  a minimum 

s of f on t h i s  i n t e r v a l .  Then s may be approximated by t h e  sequence 

[sn] def ined r e c u r s i v e l y  by t h e  equat ion 

1 2 

0 0 

The v a r i a b l e  t h r u s t  a lgori thm of Reference 1 must b e  modified t o  account 

f o r  s o l a r  power. I n  p a r t i c u l a r ,  equat ions (16), (17) ,  and (18) of 

t h e  r e f e r e n c e  are a f f e c t e d .  

Qv = [po/p (r(sV))] 
v e c t o r s  def ined by 

L e t  Q be a column v e c t o r  w i th  elements 

11 2 . L e t  AV(m), m = l , . . ,nd be a set of column 

AV(m) = A-'BAX(m) + Y (m) 

7 
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( N o t e  t h a t  AV(m)/T2 i s  t h e  variable t h r u s t  acceleration vector). 

l e t  G ( m ) ,  m = l , . . ,nd  be a set of c o l u m n  vectors defined by 

N o w  

G(m) = QAV(m) 

i.e. 

Then (16) b e c o m e s  

G(m)' = Qv AV(m)' 

nd 

m = l  
P = 1 / 2  C G(m)TF G(m) 

S e t t i n g  R(m) = FG(m) ,  (17) and (18) b e c o m e  respectively 

T nd 

m = l  
PX (i) = C G x  ( m , i )  R(m) 

T nd 

m = l  
Pxx( i , j )  = C G x ( m , i ) T  F G x ( m , j )  + R(m) G x x ( m , i , j )  

S e t t i n g  H ( i , j )  = Y x ( i , j )  + A V ( i )  and S(m)  = QR(m),  w e  ob ta in  Q 

nd 

m = l  
P x ( i )  = (A-lBA)TS(i) + E H ( m , i )  S (m)  

T T  + (A-lBA) Q F Q H ( i , j )  

T T  + H ( j  ,i) Q F Q  (A-lBA) 

nd 

m = l  
+ E H ( m , i )  QTFQH(m, j )  

T + R(m) G x x ( m , i , j )  

8 
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The l a s t  term is r a t h e r  complicated. For Gauss' method i t  i s  neglected.  

For Newton's method w e  set Gxx(m,i,j) = QYxx(m,i,j) which is  exact 

i n  t h e  case of cons t an t  power but  s l i g h t l y  inaccura t e  i n  t h e  case of 

v a r i a b l e  power. 

MATHEMATICS OF CONSTANT ISP SOLUTION 

The b a s i c  mathematics of t h e  program's constant  I s p  p r e d i c t i o n  scheme 
are contained i n  Reference 2. Only t h e  f i r s t  s i d e  cond i t ion  has been 

employed i n  t h e  p re sen t  program. 

The scheme has been modified t o  include a s o l a r  power opt ion.  One more 

assumption has been made i n  t h i s  case, namely t h a t  t h e  power level t i m e  

h i s t o r y  i s  roughly t h e  same f o r  both t h e  v a r i a b l e  and constant  I s p  modes. 

Then t h e  modif icat ion reduces t o  a simple t ransformation of v a r i a b l e s ,  

as descr ibed below. 

L e t  p ( t )  be t h e  power t i m e  h i s t o r y  as determined by t h e  v a r i a b l e  t h r u s t  

program. With t h e  above assumption Equations ( 6 )  and (7) of Reference 2 

become r es p ec t i v e l  y 

a 
where lac/ = - a ( t )  and b ( t )  = - - ao p.0 a ( t )  

p ( t )  Po Po 

Here a- i s  t h e  i n i t i a l  a c c e l e r a t i o n  t h e  v e h i c l e  would have a t  a r a d i u s  
U 

of 1 au. Now set hv( t )  = a v ( t )  (p(t)  L) 

and hc ( t )  = a c ( t )  (-), P O  and T ( t )  = It pO d t .  
P (t) to Po 

The above equat ions now become 

9 
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where T~ = ~ ( t ~ )  and 'cl = . r( t ,> 

These equat ions  are i d e n t i c a l  t o  t h e  previous ones except f o r  a change 

i n  v a r i a b l e  names, and a s o l u t i o n  may be obtained wi th  p r e c i s e l y  t h e  same 

a1 gor i t hm . 

10 
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I V .  PROGRAM ORGANIZATION 

INPUT - 
The program i s  intended t o  o p e r a t e  as a subrout ine of a more gene ra l  

mission a n a l y s i s  main program, The form of t h e  inpu t  subrout ine,  

t h e r e f o r e ,  i s  l e f t  t o  t h e  use r .  Variable  t h r u s t  answers are obtained 

by c a l l i n g  t h e  VTMODE subrout ine and t h r u s t  l i m i t e d  answers by follow- 

ing  CALL VTMODE wi th  a ca l l  of t h e  p r e d i c t i o n  subrout ine,  TCTPRE. 

Perhaps t h e  s implest  mode of program ope ra t ion  i s  t o  compile a MAIN 

program which con ta ins  one o r  more calls  of sub rou t ine  VTMODE and 

TCTPRE. The sample cases included i n  Appendix C u s e  t h i s  form of 

inpu t  . 
Var iab le  Thrust  Input  

The ca l l  l ist  t o  VTMODE t o  produce a v a r i a b l e  t h r u s t  t r a j e c t o r y  

i s  as fol lows:  

CALL VTMODE (NC,NR,NPl,NP2,NBl,NB2,DI,D2,HVl,HV2,NPOW,NA,NT) 

The arguments of t h e  subrout ine are: 

NC i s  t h e  number of dimensions(2 o r  3 ) ,  except f o r  out-of- 

t h e  ec l ip t i c -p robes  o r  similar missions which r e q u i r e  

a three-dimensional s t a r t i n g  t r a j e c t o r y ,  i n  which case 

set NC = 1. 

NR i s  t h e  number of f u l l  r evo lu t ions  around t h e  sun (NR = 0 
0 f o r  t rave l  ang le s  less than 360 , NR < 3,  see Limitat ions)  

NP1 is  t h e  number of t h e  depa r tu re  p l a n e t ,  and var ies  from 1 

f o r  Mercury t o  9 f o r  Pluto* 

* A t e n t h  p l ane t  number i s  a v a i l a b l e  i n  subrout ine EPHEM so t h a t  t h e  
use r  can a s s i g n  a n  a d d i t i o n a l  set of o r b i t a l  elements (see sample 
cases), however t h e  e c c e n t r i c i t y  of t h e  a d d i t i o n a l  o r b i t  should 
be kept  less than .5 (see L imi t a t ions ) .  

11 
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NP 2 

NB1 

NB 2 

D 1  

D2 

HV1 

HV2 

NPOW 

NA 

NT 

i s  t h e  analagous number of t h e  arrival p l a n e t  

i n d i c a t e s  t h e  i n i t i a l  c o n s t r a i n t  on excess  

vel0 c i  t y 

i n d i c a t e s  t h e  f i n a l  c o n s t r a i n t  on excess  

vel0 c it y 

1 f o r  f i x e d  ex- 
cess v e l o c i t y  

2 f o r  rendezvous 

i s  t h e  J u l i a n  d a t e  of depa r tu re  (7 s i g n i f i c a n t  f i g u r e s ,  

f l o a t i n g  p o i n t )  

i s  t h e  J u l i a n  d a t e  of a r r i v a l  (7 s i g n i f i c a n t  f i g u r e s ,  

f l o a t i n g  p o i n t )  

i s  t h e  i n i t i a l  hyperbolic excess  v e l o c i t y  r e l a t i v e  t o  

t h e  d e p a r t u r e  p l ane t  ( i f  N B 1  = 1) i n  km/sec. 

i s  t h e  f i n a l  hyperbol ic  excess v e l o c i t y  re la t ive t o  t h e  

a r r iva l  p l a n e t  ( i f  NB2 = 1 )  i n  km/sec. 

i n d i c a t e s  t h e  type of power supply 0 f o r  cons t an t  

1 f o r  v a r i a b l e  

0 f o r  approximate 

1 f o r  more a c c u r a t e  
a c c e l e r a t i o n  t i m e  
h i s t o r y  

s o l u t i o n  
i s  a c o n t r o l  on t h e  accuracy of t h e  

a c c e l e r a t i o n  t i m e  h i s t o r y  

0 no t r ack ing ,  u s e s  
s t andard s t a r t i n g  
s o l u t i o n  

i s  a c o n t r o l  which al lows t r ack ing  

from a p rev ious ly  computed t r a j e c t o r y  

1 t rack ing  

Constant Thrust  Input  

The ca l l  l i s t  t o  TCTPRE t o  p r e d i c t  a cons t an t  t h r u s t  t r a j e c t o r y  is 

CALL TCTPR€%(TW,SI) 

The arguments of t h e  sub rou t ine  are as fol lows:  

TW i s  t h e  i n i t i a l *  t h r u s t  t o  weight r a t i o  (dimensionless) 

* I n  t h e  case of v a r i a b l e  power, TW i s  r e l a t i v e  t o  t h r u s t  l e v e l  a t  
1 a.u. 
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S I  i s  t h e  s p e c i f i c  impulse i n  seconds 

The fol lowing are a v a i l a b l e  as output  of t h e  two subrout ines  through t h e  

common block /BDYP/ : 

BDY i s  a 3 x 3 x 2 a r r a y  conta in ing  t h e  v e c t o r s  (2, a,  5 )  a t  each 

endpoint (e.g., BDY (M,2,1) = a(M), M = 1 , 3 ) .  BDY i s  

computed f o r  t h e  v a r i a b l e  t h r u s t  s o l u t i o n  only. 

2 3  P 

Q P 
T PV is  t h e  v a r i a b l e  t h r u s t  va lue  of  1 / a i 2  d t  i n  au / y r .  

PC i s  i t s  cons tan t  t h r u s t  equiva len t .  

The va lues  of 5 are somewhat suspec t .  

are astronomical  u n i t s  and years .  

The dimensions of t h e s e  q u a n t i t i e s  

For example a MAIN program t o  compute an  800 day J u p i t e r  f l yby  using 

s o i a r  power i s  given below. 

COMMON/BDYP/BDY(3,3,2),PV,PC 

CALL VTMODE(3,0,3,5,2,0,2444140.,2444940,0.,0.,1,0,0) 

CALL TCTPRE(.0000800,5000.) 

STOP 

END 

This  t r a j e c t o r y  is one of t h e  sample cases given i n  Appendix C.  

Comments on Input  Constant Se lec t ion  

The program is  spec ia l i zed  t o  compute t r a j e c t o r i e s  between t h e  p l ane t s .  

It t h e r e f o r e  t akes  advantage of t h e  low o r b i t a l  i n c l i n a t i o n s  ( r e l a t i v e  

t o  t h e  e c l i p t i c  plane)  by so lv ing  each t r a j e c t o r y  i n  two dimensions, then  

adding t h e  t h i r d  dimension, i f  d e s i r e d ,  i n  a f i n a l  i t e r a t i o n .  I n  cases  

where o r b i t a l  i n c l i n a t i o n s  are l a r g e ,  such as f o r  ou t -of - the-ec l ip t ic  

probes, i t  may be necessary t o  perform a l l  i t e r a t i o n s  i n  t h r e e  

1 3  
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dimensions, i nc lud ing  t h e  computation of t h e  s t a r t i n g  so lu t ion .  S e t t i n g  

NC = 1 causes  t h e  s t a r t i n g  s o l u t i o n  t o  be  computed i n  t h r e e  dimensions 

and a l l  subsequent i t e r a t i o n s  a l s o .  This  o p t i o n  obviously i n c r e a s e s  

run t i m e s  s i g n i f i c a n t l y ,  so should not  be used f o r  s tandard i n t e r -  

p l ane ta ry  t r a n s f e r s .  

It i s  necessary t o  a n t i c i p a t e  t h e  in-plane t r a n s f e r  ang le  des i r ed .  

There may e x i s t  l o c a l  optimum s o l u t i o n s  f o r  each m u l t i p l e  of one revolu- 

t i o n  about t h e  sun. 

of r evo lu t ions  c o n s i s t e n t  with a smooth t r a n s i t i o n  between t h e  energy 

l e v e l s  of t h e  beginning and f i n a l  o r b i t s .  For NT = 0 t h e  b u i l t - i n  

s t a r t i n g  s o l u t i o n  f i t s  a smooth, u s u a l l y  monotonic, curve through t h e  

endpoints,  w i th  t h e  number of s o l a r  r evo lu t ions  s p e c i f i e d  by NR i n  t h e  

ca l l  l i s t .  Subsequent i t e r a t i o n s  w i l l  not  change t h i s  bas i c  r e v o l u t i o n  

number. The u s e r  i s  advised t o  e i t h e r  r e f e r  t o  p l ane ta ry  ephermerides, 

o r  t o  c a r e f u l l y  compare input  J u l i a n  d a t e s  with t h o s e  of similar so- 

l u t i o n s  he  a l r e a d y  has  on hand, t o  avoid s l i p  ups i n  s e t t i n g  t h e  

r evo lu t ion  counter ,  NR. I f  t h e  t r ack ing  o p t i o n  (NT = 1) is  used t h e  

counter NR becomes i r r e l e v a n t .  

t i nuous ly  with D 1  and D 2  (assuming changes i n  t h e s e  d a t e s  are s u f f i -  

c i e n t l y  small) .  

change. However, t h e  use r  should t r a c k  so t h a t  t h e  p o s i t i o n  v e c t o r  

t i m e  h i s t o r i e s  of success ive  t r a j e c t o r i e s  are c l o s e .  Otherwise some 

t r a j e c t o r i e s  might t a k e  longer  t o  o b t a i n  by t r ack ing  from a previous 

s o l u t i o n  than by using t h e  b u i l t  i n  s t a r t i n g  procedure. It i s  b e s t  

t o  be.on t h e  conse rva t ive  s i d e  when choosing a t r ack ing  s t e p .  

Normally t h e  g loba l  optimum has t h e  maximum number 

The travel ang le  w i l l  vary con- 

When t r ack ing ,  a l l  elements of  t h e  ca l l  l i s t  may 

T r a j e c t o r i e s  w i t h  s p e c i f i e d  hyperbol ic  excess  speeds and having t ravel  

ang le s  g r e a t e r  t han  360' are gene ra l ly  more d i f f i c u l t  t o  o b t a i n  from 

s c r a t c h  than corresponding t r a j e c t o r i e s  w i th  rendezvous (o r  f lyby)  

boundary condi t ions.  T t x e f o r e  it i s  o f t e n  more e f f i c i e n t  t o  o b t a i n  

a rendezvous s o l u t i o n  wi th  NT = 0 and then  t r a c k  hyperbol ic  speeds 

upwards with NT = 1. F i n a l l y ,  t h e  u s e r  should always remember t o  o b t a i n  

a t r a j e c t o r y  wi th  NT = 0 be fo re  s e t t i n g  NT = 1. 
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The n a t u r e  of t h e  boundary cond i t ions  must be inpu t  through N B 1  and 

NB2. I f  t h e s e  c o n s t a n t s  are set equal  t o  e i t h e r  0 o r  2 any va lues  

inpu t  f o r  HV1 and HV2 w i l l  be  ignored. 

s u l t  is  c a l l e d  f o r ,  i t  i s  not  s u f f i c i e n t  t o  merely set HV1 o r  HV2 

S imi l a r ly ,  i f  a rendezvous re- 

equal t o  zero.  The s e t t i n g s  on N B 1  and NB2 t e l l  t h e  program t o  l e t  

t h e  d i r e c t i o n  of t h e  excess  v e l o c i t y  be f r e e ,  t o  opt imize t h e  d i r e c t i o n  

o f  t h e  excess v e l o c i t y  f o r  minimum payoff ,  o r  t o  s k i p  a l l  cons ide ra t ion  

of excess v e l o c i t y .  

The J u l i a n  day numbers, D1 and D2, are l i m i t e d  t o  seven s i g n i f i c a n t  

f i g u r e s  p l u s  t h e  decimal po in t .  Therefore f r a c t i o n s  of days, i f  i n p u t ,  

w i l l  be ignored by t h e  I B M  360 .  

are s i m i l a r l y  l imi t ed .  

The excess v e l o c i t i e s  HV1 and HV2 

Before us ing  t h e  v a r i a b l e  power op t ion ,  NPOW = 1, t h e  use r  should 

no te  t h e  form of t h e  power p r o f i l e  i n  subrout ine POWER. 

w a s  taken from Reference 3 .  

i s  discussed i n  t h e  fol lowing sec t ion .  

Th i s  p r o f i l e  

The procedure f o r  a l t e r i n g  t h i s  p r o f i l e  

The accuracy c o n t r o l ,  NA, has a v e r y  s l i g h t  i n f luence  on t h e  v a l u e  of 

t h e  payoff,  f o r  e i t h e r  v a r i a b l e  t h r u s t  s o l u t i o n s  (from VTMODE) o r  

t h r u s t  l i m i t e d  s o l u t i o n s  (from TCTPRE). It can, however, i n f luence  

t h e  accuracy of t h e  t h r u s t - a c c e l e r a t i o n  t i m e  h i s t o r y .  When NA i s  set 

equal  t o  zero t h e  convergence c r i t e r i o n  i s  payoff improvement only. 

When NA = 1, a f t e r  t h e  payoff convergence c r i t e r i o n  i s  s a t i s f i e d ,  an 

a d d i t i o n a l  test i s  performed on t h e  a c c e l e r a t i o n  t i m e  h i s t o r y .  

pe r i ence  has  shown t h a t  a smooth a c c e l e r a t i o n  p r o f i l e  i s  t h e  most 

r e l i a b l e  i n d i c a t o r  of t h e  t r u e  optimum. 

d i f f i c u l t  t r a j e c t o r i e s  w i l l  r e q u i r e  m u l t i p l e  polynomials (as d i s -  

cussed i n  Sec t ion  I1 Analysis) an e x c e l l e n t  smoothness test is  t o  

look f o r  a c c e l e r a t i o n  d i s c o n t i n u i t i e s  a t  t h e  patch po in t s .  I f  t h e s e  

d i s c o n t i n u i t i e s  exceed a s p e c i f i e d  amount one a d d i t i o n a l  polynomial 

is  added and more i t e r a t i o n s  are performed u n t i l  t h e  payoff conver- 

gence c r i t e r i o n  i s  a g a i n  m e t .  

again,  but cannot exceed a t o t a l  of s i x .  

Ex- 

Since t h e  longe r  and more 

The number of polynomials i s  increased 
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To reiterate: 

mission f e a s i b i l i t y  and launch e r r o r s ,  t h e  approximate mode (NA = 0) 

should be adequate,  s i n c e  t h e  u s e r  can expect r e l i a b l e  payoff t r ends .  

The approximate mode may, i f  t h e  a c c e l e r a t i o n  p r o f i l e  i s  badly behaved, 

1) r e s u l t  i n  extraneous t h r u s t  o r  c o a s t  pe r iods  when t h e  p r e d i c t i o n  

scheme (TCTPRE) is c a l l e d ,  2) slow down convergence i n  some cases in- 

volving l a r g e  excess v e l o c i t i e s  a t  t h e  boundaries,  and 3) r e s u l t  i n  

i n a c c u r a t e  va lues  of t h e  output  a r r a y  BDY. 

f o r  prel iminary des ign  work and exp lo ra to ry  s t u d i e s  of 

Note t h a t ,  i n  t h e  case of s o l a r  power, t h e  i n i t i a l  t h r u s t  t o  weight 

r a t i o  should be input  a t  t h e  l e v e l  corresponding t o  1 Bu from t h e  

sun, even though a t r a j e c t o r y  may not  start  from t h e  e a r t h .  The 

r a t i o  of t h e  power a t  any given r a d i u s  t o  t h e  power a t  1 au is  includ- 

ed i n  t h e  a c c e l e r a t i o n  r e l a t i o n s h i p s  (see Analysis) .  Thus t h r u s t  

t o  weight adjustments due t o  r a d i u s  from t h e  sun are made auto- 

ma t i ca l ly .  

OUTPUT 

Two forms of v a r i a b l e  t h r u s t  output  are provided by t h e  program; a 

s h o r t  form and a longer  more d e t a i l e d  form. The s h o r t  form i s  p r i n t e d  

au tomat i ca l ly  wi th  every ca l l  of VTMODE. 

given i n  Appendix C. 

Samples of both forms are 

The long form is  obtained by c a l l i n g  subrout ine OUTCAL a f t e r  each cal l  

of  VTMODE f o r  which t h e  long form i s  des i r ed .  

s o l a r - e l e c t r i c  f lyby  mission is  inpu t  as fo l lows  f o r  t h e  long form 

output: : 

For i n s t a n c e  J u p i t e r  

COMMoN/BDYP/BDY(3,3,2) ,PV,PC 

CALL OUTCAL 

CALL TCTPRE(.0000800,5000.) 

STOP 

END 
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Note t h a t  sub rou t ine  OUTCAL has no ca l l  l i s t .  

A ca l l  of  TCTPRE a l s o  produces an automatic ou tpu t ,  as shown i n  

Appendix C, c o n s i s t i n g  of t h e  i n p u t  parameters and a l i s t i n g  of s t a r t u p  

and shutoff  t i m e s  f o r  t h e  p red ic t ed  cons t an t  t h r u s t  t r a j e c t o r y .  

The fol lowing i s  a d i c t i o n a r y  of output  terms: 

2 3  J V  t h e  performance index m /see 

EXCESS VELOCITY AT DEPARTURE i n  km/sec 

EXCESS VELOCITY AT ARRIVAL i n  km/sec 

TIME 

x,y ,z 

R 

THETA 

PHI 

Ax, AY 9 

Az 

MAG.A 

J C  

p / P O  

t abu la t ed  a t  26 equa l ly  spaced p o i n t s  i n  DAYS 

h e l i o c e n t r i c  e c l i p t i c  Car t e s i an  coord ina te s  of 1950.0 

i n  a u ' s  

d i s t a n c e  of spacec ra f t  from t h e  sun i n  a u ' s  

v e h i c l e  h e l i o c e n t r i c  l ong i tude  measured i n  t h e  

e c l i p t i c  plane from t h e  p o s i t i v e  X-axis i n  DEGREES 

v e h i c l e  h e l i o c e n t r i c  l a t i t u d e  measured from t h e  

e c l i p t i c  plane i n  DEGREES 

components of t h e  t h r u s t  a c c e l e r a t i o n  p a r a l l e l  t o  t h e  

p o s i t i o n  coord ina te s  i n  au/yr  

t h e  magnitude of t h e  t h r u s t  a c c e l e r a t i o n  vec to r  i n  au/yr  

2 

2 

t h e  p red ic t ed  cons t an t  t h r u s t  performance index 

i n  m /sec 2 3  

power level r e l a t i v e  t o  t h a t  a t  1 au 

ADJUSTMENTS AND MODIFICATIONS 

Two program modules may be replaced by t h e  use r  t o  change t h e  mathematical 

model. The f i r s t  module i s  subrout ine EPHEM. The second c o n s i s t s  of 

subrout ines  POWER and DPOWER. Subroutine EPHEM c o n s t r u c t s  p o s i t i o n  and 

v e l o c i t y  v e c t o r s  f o r  any of t h e  p l a n e t s  as a f u n c t i o n  of a n  input  argument 
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( the  J u l i a n  Date). 

v e c t o r s  from conic  elements using a Kep le r ' s  equat ion s o l u t i o n  good f o r  

small e c c e n t r i c i t i e s  only.  Subroutines POWER and DPOWER are func t ion  

subrout ines  which s p e c i f y  t h e  power l e v e l  and the-  f i r s t  d e r i v a t i v e  

of t h e  power level, r e s p e c t i v e l y ,  as a f u n c t i o n  of s o l a r  r a d i a l  d i s -  

tance.  The on ly  r e s t r i c t i o n  on t h e  replacement of  t h e s e  modules i s  

t h a t  t h e  CALL l ists  must be unchanged. 

determines when convergence t o  an optimum t r a j e c t o r y  has  been achieved. 

(The d e f i n i t i o n  of DELTA i s  given i n  Appendix A). 

nonl inear  t r a j e c t o r i e s  a n  op t imiza t ion  process  could conceivably 

terminate  be fo re  t h e  optimum t r a j e c t o r y  i s  reached. 

r e l a t i v e  change i n  payoff between two successive i t e r a t i o n s  w i l l  

a c c i d e n t a l l y  be less than  DELTA. Therefore  DELTA i n  Statement 22, 

must be made smaller. 

A s  d e l i v e r e d ,  i t  o b t a i n s  t h e  p o s i t i o n  and v e l o c i t y  

The q u a n t i t y  DELTA i n  VTMODE 

For long,  h igh ly  

I n  t h i s  case t h e  

NIT is  t h e  maximum number of i t e r a t i o n s  allowed f o r  achieving a n  

optimum i n  s e c t i o n  2 of VTMODE. 

on t h e  d i f f i c u l t y  of t r a j e c t o r y .  It i s  p o s s i b l e  t h a t  t h e  nominal va lues  

assigned t o  NIT are i n s u f f i c i e n t  f o r  extremely d i f f i c u l t  t r a j e c t o r i e s ,  

i n  which case t h e s e  va lues  should be  increased.  

NIT  i s  va r i ed  au tomat i ca l ly  depending 

There i s  no ques t ion  of convergence i n  using t h e  cons t an t  t h r u s t  pre- 

d i c t i o n  scheme. However, i n  t h e  i n t e r e s t  of i nc reas ing  t h e  speed of 

ope ra t ion ,  o r  i nc reas ing  t h e  accuracy of approximation, t h e  number of 

mesh p o i n t s  and t h e  number of i t e r a t i o n s  may be  changed. 

of mesh p o i n t s  i s  t h e  v a r i a b l e  NNN i n  subrou t ine  TCTPRE. Th i s  number 

must b e  odd and no t  g r e a t e r  than 301 (un le s s  t h e  dimension s ta tements  

i n  COMMON blockhXXPX/are a l s o  increased i n  sub rou t ine  TCTPRE and 

RESCAL). The number of i t e r a t i o n s  i n  t h e  s o l u t i o n  i s  c o n t r o l l e d  by 

t h e  v a r i a b l e  NSTEP i n  subrout ine ROOTR. 

mately 2**(-NSTEP). NSTEP i s  nominally equal t o  1 4 .  

The number 

The accuracy level i s  approxi- 

SUBROUTINE DESCRIPTIONS 

Th i s  con ta ins  b r i e f  d e s c r i p t i o n s  of t h e  program subrout ines .  They are 
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l p h a b e t i c a l  o r d e r ,  w i t h  t h e  two p r i n  i p l e  r o u t i n e s  

The index below is i n  a l p h a b e t i c a l  VTMODE and TCTPRE appearing first. 

l i s t i n g  g iv ing  page l o c a t i o n s .  

INDEX OF SUBROUTINES 

Subrout ine PaRe Subrout ine  Page 

ALIGN 27 OUTPTl 36 

A M A P *  37 OUTPUT 36 

AVTEST 28 OUTTOO 36 

CONST 28 PATCH 36 

DDERIV 40 PAYOFF 37 

DERIV 29 PDERIV 37 

DPOWER * 38 PMAP * 37 

EPHEM 29 POLEVL 37 

FIXUP 31 POWER * 38 

HAD 31 REDIST 38 

INTRDN 32 RESCAL 39 

INTRUP 32 ROOTR 39 

INVINT 32 SEARCH 40 
KROOT 32 SECANT * 40 

MODIFY 33 SQROOT 41 

START 42 MODLEG 34 

STARTF * 42 MULTl 34 

TCTPRE 25 MULT2 34 

MULT3 34 TSHIFT 43 

VCAL 43 
VTMODE 20 

MULT8 35 WYDER 44 

MULT4 34 

MULT7 35 

MULT9 35 

OUTCAL 35 

* These are f u n c t i o n  subprograms. 
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VTMODE : VTMODE i s  t h e  c o n t r o l  subrout ine of t h e  v a r i a b l e  t h r u s t  

p o r t i o n  of  t h e  program. A l l  t h e  i t e r a t i o n  l o g i c  i s  con- 

t a i n e d  i n  VTMODE as w e l l  as tlie c a l c u l a t i o n s  f o r  many of 

t h e  outputs .  

The program can be  divided i n t o  fou r  s e c t i o n s .  The f i r s t  

extends t o  s ta tement  15 ,  t h e  second from 1 5  t o  9 9 ,  t h e  

t h i r d  from 99 t o  9 4 0 ,  and t h e  f o u r t h  from 940 on. Each 

s e c t i o n  i s  flow cha r t ed  sepa ra t e ly .  

The cal l  l i s t  is  discussed under INPUT. 

Sec t ion  1: Thi s  s e c t i o n  has  two func t ions .  The f irst  

i s  t o  i n i t i a l i z e  c o n t r o l  parameters and o t h e r  

q u a n t i t i e s  used i n  t h e  succeeding s t e p s .  The 

second is t o  ca l l  sub rou t ines  which c a l c u l a t e  

prel iminary d a t a .  CONST i s  c a l l e d  t o  c a l c u l a t e  

matrices of cons t an t s  f i l l i n g  t h e  common blocks 

CONS1, CONS2. EPHEM i s  c a l l e d  t o  determine 

t h e  s ta te  of t h e  launch and arr ival  p l a n e t s ,  and 

f i n a l l y  START i s  c a l l e d  t o  determine a 

s t a r t i n g  t r a j e c t o r y  o r  t r a c k i n g  parameters. 

Sect ion 2: T h i s  s e c t i o n  performs Gauss (NO = 2) o r  

Newton (NO = 3) i t e r a t i o n s  on t h e  p o s i t i o n  

v e c t o r  X. 

ALIGN i s  c a l l e d  t o  l i n e  up t h e  boundary va lues  

of X f o r  each l e g ,  and then  t h e  payoff i s  

evaluated i n  PAYOFF. I f  t h e  payoff on any 

i t e r a t i o n  i s  l a r g e r  than a previous i t e r a t i o n ,  

Newton o r  Gauss has taken too l a r g e  a s t e p  and 

SEARCH is c a l l e d  t o  determine an optimal s t e p  

s i z e .  

change i n  payoff i s  less than  t h e  p re spec i f i ed  

amount DELTA, convergence i s  assumed and a n  

e x i t  from t h e  loop i s  executed. Otherwise, 

I f  on any given i t e r a t i o n  t h e  percentage 
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SUBROUT I NE VTMODE 

SECTION I 

VTMODE 
7 

I N I T I A L I Z E  0 
STATEMENT 
NUMBER 

b 
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SUBROUTINE VTMODE ( CONT.) 

SECTION I1 

MOD I FY t? 
I No 
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S ~ R ~ U T I N E  V 

SECTION I11 

TSH I FT 

~ 

TSH I FT 

~ 

p. 
FINAL 

- 
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SUBROUTI~E VTMODE ( CONT.) 

SECTION IV 
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c a l c u l a t e  t h e  f i r s t  

a r i s i n g  from t h e  a p p l i c a t i o n  of Gauss' o r  

Newton's method. (Note t h a t  t h e  s o l u t i o n  i s  

loaded i n  t h e  input  a r r a y  PX). I n  t h e  event 

SQROOT encounters a negat ive  square r o o t  

FIXT..JP is c a l l e d  t o  appropr i a t e ly  modify t h e  

c o e f f i c i e n t  mat r ix  (PXX) and SQROOT i s  c a l l e d  

again.  

SQROOT and conver t s  i t  t o  a c t u a l  changes i n  t h e  

t r a j e c t o r y  parameters,  most of which are loaded 

i n t o  t h e  a r r a y  DX. The o ld  t r a j e c t o r y  (X) 

is  then incremented by DX i n  MULTl. 

MODIFY t akes  t h e  s o l u t i o n  de l ivered  by 

Sect ion 3:  This  s e c t i o n  performs two tasks .  It s h i f t s  

t h e  t r a j e c t o r y  patch t i m e s  t o  achieve a b e t t e r  

payoff and smoother a c c e l e r a t i o n  magnitude 

t i m e  h i s to ry .  It conver t s  from two t o  t h r e e  

s ( i f  NC = 3 ) .  

Sect ion 4 :  This  s e c t i o n  computes outp a r r ays  t o  be 

used i n  MAIN, OUTCAL, and PMAP and AMAP. 

on of t h e  t h r u s t  

intervals which w i l l ,  g ive  a constant  t h r u s t  t r a j e c t o r y  

approximating an opt imal  v a r i a b l e  t h r u s t  t r a j e c t o r y .  

f low c h a r t  fol lows.  The c a l l  l i s t  is  (TW, S I )  where: 

A 

TW i s  t h e  i n i t i a l  t h r u s t  t o  weight r a t i o  of 

t h e  engine a t  1 au. 
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AL t o  con 

equal amounts of energy are consumed 

AMAP t o  t a b u l a t e  t h e  optimal v a r i a b l e  t h r u s t  

a c c e l e r a t i o n  a t  t h e s e  t i m e  p o i n t s  

ROOTR t o  s o l v e  t h e  f u n c t i o n a l  equat ions which 

determine t h e  t h r u s t  i n t e r v a l s .  

t o  map back from t h e  cons t an t  power con- 

sumption i n t e r v a l s  t o  corresponding time 

INVINT 

p o i n t s  

OUTTOO t o  p r i n t  t h e  r e s u l t s  i n  a r eadab le  format 

Subroutines PMAP and AMAP u s e  r e s u l t s  s to red  i n  COMMON 

by subrout ine VTMODE, hence TCTPRE o p e r a t e s  on d a t a  

s t o r e d  by t h e  most r ecen t  cal l  VTMODE. 

I n  t h e  case of m u l t i p l e  calls, TCTPRE w i l l  bypass those  

l a s t  elements . 
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of X i n  one l e g  t o  t h e  f i r s t  elements i n  t h e  nex t ,  

weighting t h e  d e r i v a t i v e s  a p p r o p r i a t e l y  t o  account f o r  

t h e  d i f f e r e n c e  i n  l e g  times. 

AVTEST : The purpose of AVTEST is  t o  examine a converged tra- 

j e c t o r y  f o r  smoothness of a c c e l e r a t i o n  and add l e g s  i f  

necessary.  

adequate payoff convergence, however t h e r e  may be jump 

d i s c o n t i n u i t i e s  i n  t h e  a c c e l e r a t i o n  magnitude t i m e  

h i s t o r i e s  a t  patch po in t s .  The necessary cond i t ions  of 

t h e  v a r i a b l e  t h r u s t  op t imiza t ion  problem imply a smooth 

a c c e l e r a t i o n  t i m e  h i s t o r y  - but only i n  an i d e a l i z e d  

mathematical formulation. For t h e  purpose of calcu- 

l a t i o n  t h e  t r a j e c t o r y  must be  d i s c r e t i z e d  and i f  t h e  d i s -  

c r e t i z a t i o n  i s  not f i n e  enough it  is  q u i t e  l i k e l y  t h a t  

a lower payoff can  be  achieved wi th  a d i s c o n t i n u i t y  

i n  a c c e l e r a t i o n  a t  p o i n t s  where t h e  a c c e l e r a t i o n  is  no t  

forced t o  be continuous. 

General ly  START w i l l  a s s i g n  enough l e g s  f o r  

I f  t h e  o r i g i n a l  number of l e g s  i s  g r e a t e r  than one, 

AVTEST w i l l  add a l e g  when a t  some pa tch  po in t  t h e  r a t i o  

of a jump t o  t h e  minimum va lue  on e i t h e r  s i d e  i s  g r e a t e r  

t han  .l. I f  t h e  o r i g i n a l  number of l e g s  i s  one, 

AVTEST w i l l  simply add one l eg .  

CONST : CONST computes t h e  matrices of cons t an t s  desc r ib ing  

Chebychev i n t e r p o l a t i o n ,  d i f f e r e n t i a t i o n ,  and i n t e -  

g ra t ion .  These matrices compose t h e  COIIU~OR blocks 

CONS1 and CONS2. 

The o r d e r  of  t h e  Chebychev f i t  (NP) i s  brought i n  through 

t h e  ca l l  l ist .  

up t o  statement 59 are performed o n l y  once. However, 

i n  t h e  v a r i a b l e  power mode t h e  matrices D,  E ,  F are 

destroyed by t h e  subrout ine DERIV so t h a t  they need 

During any given run  t h e  ope ra t ions  
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t o  be r e c a l c u l a t e d  i n  t h e  cas 

DERIV : This  subrout ine  c 

d e r i v a t i v e s  of each l e g  i n  accordance wi th  t h e  formulas 

of t h e  s e c t i o n  on mathematics of t h e  v a r i a b l e  t h r u s t  

program. 

The p a r t  of t h e  r o u t i n e  from statement  89 t o  

t h e  matrix m u l t i p l i c a t i o n s  implied by Equation (29) 

of Reference 1. 

EPHEM : EPHEM is  t h e  subrout ine  which determines t h e  h e l i o c e n t r i c  

Car tes ian  components of p o s i t i o n  and v e l o c i t y  of t h e  

p l ane t s .  

number N ( 1  f o r  Mercury t o  9 f o r  P l u t o ) .  The output  i s  

t h e  v e c t o r  V whose f i r s t  t h r e e  components are t h e  

x, y, z coord ina tes  of t h e  p l ane t  and l as t  t h r e e  com- 

ponents are 5 ,  9 ,  2. 

Inpu t s  are t h e  J u l i a n  d a t e  D and p l ane t  

The u n i t s  are au  and yr .  

The ma t r ix  E con ta ins  t h e  o r b i t a l  elements of t h e  

p l a n e t s  as fol lows:  

E(1,N) = semi major axis (au) 

E(2,N) = e c c e n t r i c i t y  

E(3,N) = i n c l i n a t i o n  t o  t h e  e c l i p t i c  ( rad ians)  

E ( 4  ,N) = l ong i tude  of t h e  ascending node ( rad ians)  

E(5,N) = l ong i tude  of 

elements given i n  Table 1. 
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FIXUP 

HAD 

coord ina tes .  

A p rov i s ion  has  been made f o r  a t e n t h  body. 
r ep laces  he 

DATA statement f o r  E wi th  des i r ed  elements. I f  t h e  

e c c e n t r i c i t y  of t h e  o r b i t  of t h i s  body i s  too high t h e  

s o l u t i o n  of Kepler ' s  equat ion w i l l  not  converge. 

f o r e  t h e  use r  should a s s o c i a t e  a number g r e a t e r  than  1 0  

wi th  t h e  body and r e p l a c e  EPHEM wi th  h i s  own subrout ines  

One simply 

There- 

f o r  h ighly  e c c e n t r i c  o r b i t s .  

FIXUP i s  c a l l e d  when SQROOT encounters  a negat ive  square 

r o o t ,  i.e. when Pxx is  no t  p o s i t i v e  d e f i n i t e .  Th i s  can 

occur only  when NO = 3 ( i . e .  Newton's method is  being 

employed) o r  NH = 3 ( i . e .  hyperbol ic  excess  speeds are 

s p e c i f i e d  and second o rde r  d e r i v a t i v e s  of VR are being 

used i n  t h e  c a l c u l a t i o n  of Pxx). 

The func t ion  of FIXUP is  t o  r econs t ruc t  t h e  Pxx and Px 

matrices. 

exac t ly  as de l ive red  by PDERIV. I n  t h e  former case Pxx 

i s  modified by sub t r ac t ing  t h e  term which d i s t i n g u i s h e s  

Newton's method from Gauss' method. 

I n  t h e  la t ter  case they are recons t ruc ted  

Bas i ca l ly  r econs t ruc t ion  i s  poss ib l e  without going through 

DERIV aga in  because Pxx is s t r i c  and t h e  elements above 

t h e  main d i a  ~l are never royed. Thus it i s  merely 
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arguments. Linear  i n t e r p o l a t i o n  i s  us  The c a l l  l i s t  

i s  (S, F ,  N) 

S i s  an  a r r a y  of l e n g t h  30. On input  i t  con ta ins  

t h e  arguments t o  be i n t e r p l a t e d .  On te rmina t ion  

it con ta ins  t h e  corresponding dependent v a r i a b l e s .  

F i s  an a r r a y  of l e n g t h  N. It con ta ins  t h e  value 

of t h e  dependent v a r i a b l e  t abu la t ed  a t  equal  

i n t e r v a l s  i n  i t s  argument. 

N i s  t h e  s i z e  of t h e  a r r a y  F. 

KROOT , These subprograms eva lua te  t h e  func t ion  a ( t )  def ined  

i m p l i c i t l y  as fo l lows  INTRDN , 
INTRUP : 

1 K( t )  > 0 

0 K(t)  < 0 
o ( t )  = 

It a(s) d s  
$0 0 

m(t)  = 1 - 

- K  

s are defined 
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I n  a d d i t i o n  t h e  program eva lua te s  t h e  a u x i l l i a r y  func t ion  

The program r e t u r n s  t h e  a r r a y  TSW which i s  t h e  t a b u l a t i o n  

of t h e  switching times s t a r t i n g  wi th  t h e  f i r s t  "switch 

of f" .  

I f  u(0) = 0, TSW(1) = 0 

The c a l l  l i s t  i s  (AV,NAV,C,BZ,K,JI,TSW) where t h e  f i r s t  

f i v e  elements are inpu t s  and t h e  next  two elements are 

output  

AV 

NAV i s  t h e  number of elements i n  the  a r r a y  AV. 

i s  t h e  a r r a y  av(t i )  i = 1, 2 , . . . ,  NAV 

K appearing i n  
$0 

C,BZ, are t h e  cons t an t s  c ,  

t h e  above equat ions.  K 

JI 

TSW i s  t h e  output  a r r a y  of l eng th  30 t a b u l a t i n g  

i s  t h e  func t ion  previous ly  def ined as Ji 

each t i m e  t h a t  a ( t )  changes i ts  va lue .  

Note: I f  u ( t )  switches more than 30 t i m e s  t h e  subrout ine  

w i l l  

MODIFY : MODIFY t a k e s  t h e  s o l u t i o n  of t h e  SQROOT subrout ine  (PX) 
and extrac t i t ies  determ c t u a l  change i n  

t h e  p o s i t i o n  vec tor  (X). In  t of f ixed  hyperbol ic  
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MODLEG : The primary i e S between 0 and 

t h e  t r i p  t i m e  ermines t o  which 

l e g  t h i s  t i m e  corresponds (LN)-and what f r a c t i o n  of 

t h e  t o t a l  t i m e  of t h e  l e g  has  e lapsed up t o  t h i s  t i m e .  

S i s  then  replaced by t h e  l a t t e r  quan t i ty .  

MLJLTl : A t r i v i a l  subrout ine  which adds two mat r ices .  

MULT2 : A t r i v i a l  subrout ine  which m u l t i p l i e s  two mat r ices .  

MULT3 : The purpose of t h i s  subrout ine  is  t o  convert  back and 

f o r t h  between two d i f f e r e n t  vec to r  r ep resen ta t ions  of t h e  

t r a j e c t o r y .  

conta in ing  t h e  p o s i t i o n  of t h e  v e h i c l e  evaluated a t  

Chebychev po in t s .  

c o n t i n u i t y  cond i t ions  a t  pa tch  p o i n t s  r e q u i r e  t h e  

knowledge of t h e  d e r i v a t i v e  of p o s i t i o n  wi th  r e spec t  

t o  t i m e  a t  endpoints ,  The cons t ruc t ion  of a modified 

p o s i t i o n  vec to r  f o r  t h i s  purpose is  discussed i n  

Reference 1. When MULT3 i s  c a l l e d  wi th  V as its f i r s t  

argument i t  i s  convert ing t h e  modified vec to r  t o  an 

unmodified one. Vice ve r sa  when c a l l e d  wi th  U. 

I n t e r n a l l y  t h e  program uses  v e c t o r s  

However t h e  boundary cond i t ions  and 

MTJLT4 : i x  m u l t i p l i c a t i o n  

implied by t h e  equat ion 
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i f  L = 2  

(See Reference 1 f o r  i n t e r p  

MULT7 : This  subrout ine performs t h e  ma t r ix  m u l t i p l i c a t i o n  

implied by t h e  equat ion 

C(k) = A(k)TB(k) k = 1 , 2  

I f  NS i s  2, C(k) i s  assumed t o  be symmetric and some 

savings r e s u l t .  

MULT8 : This  sub rou t ine  performs t h e  ma t r ix  m u l t i p l i c a t i o n  implied 

by t h e  equat ion 

2 

k=l 
B = C U(k)T((-l)k Al(k),A2(k) ?) 

I f  NS is  2 ,  B i s  assumed t o  be symmetric and some savings 

r e s u l t .  See Reference 1 f o r  d e f i n i t i o n s  of U and P. 

MLTLT9 : This  sub rou t ine  performs t h e  ma t r ix  m u l t i p l i c a t i o n  

implied by t h e  equation 

T T  2 

k-1 
C = C U(k) A U(k) B 

, C i s  assumed t o  e t r ic  and some 

savings r e u l t .  

OUTCAL : OUTCAL comput ed t o  t h e  t r a j e c t o r y  a t  

he ma t r ix  B 
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OUTPTl : 

OUTPUT : 

OUTTOO : 

PATCH : 

VTMODE through common bloc 

a c c e l e r a t i o n  vec to r  r e spec t ive ly .  -Thus i t  is  necessary  

t o  u s e  t h e  subrout ines  MODLEG and POLEVL t o  eva lua te  

t h e s e  q u a n t i t i e s  a t  t h e  des i r ed  t i m  

Th i s  r o u t i n e  p r i n t s  a 4 l ine  t r a j e c t o r y  summary, de- 

l i m i t i n g  each summary wi th  a l i n e  of a s t e r i s k s .  Appendix 

C con ta ins  a t y p i c a l  t r a j e c t o r y  summary. 

Th i s  subrout ine  p r i n t s  o u t  a one page summary of t h e  

v a r i a b l e  t h r u s t  opt imal  t r a j e c t o r y .  A l l  t h e  parameters 

appear i n  t h e  cal l  list.  

output .  

See Appendix C f o r  a sample 

This  subrout ine  d i s p l a y s  t h e  r e s u l t s  of t h e  t h r u s t -  

l i m i t e d  predic ted  performance i n  t h e  format shown i n  

Appendix C.  

PATCH has  two func t ions .  I n  t h e  f i r s t  s e c t i o n  i t  modif ies  

t h e  d e r i v a t i v e  ma t r i ces  f o r  t h e  f i r s t  and las t  l e g s  i n  

case hyperbol ic  excess v e l o c i t y  d i r e c t i o n s  are t o  be 

optimized. The d e r i v a t i v e s  of P wi th  r e s p e c t  t o  X 

a t  t h e  endpoints  are replaced by t h e  d e r i v a t i v e s  of P 

wi th  r e s p e c t  t o  a and f3 (See Reference 1 ) .  

I n  t h e  second por t ion  of t h e  subrout ine  t h e  d e r i v a t i v e s  

are p 

S 

NL 

LN l e g .  

PLN depends only  on t X. Thus t h e  

36 



D2-121308-1 

of t h e  l as t  

two elements of a l e g ,  Th 

on t h i s  element. PATCH adds t h e  two components of t h e  

d e r i v a t i v e  toge ther  t o  form t h e  t o t a l  d e r i v a t i v e  of J. 

PAYOFF : The primary purpose of PAYOFF is t o  ca l l  WYDER f o r  each 

l e g  of t h e  t r a j e c t o r y .  

ca l cu la t ed  by WYDER is then weighted and accumulated t o  

form t h e  t o t a l  payoff f o r  t h e  mission. (See s e c t i o n  on 

mathematics of v a r i a b l e  t h r u s t  program). 

The payoff f o r  each l e g  as 

To save  s t o r a g e  most of t h e  q u a n t i t i e s  ca l cu la t ed  by 

WYDER are temporar i ly  s to red  i n  t h e  ma t r ix  of second 

p a r t i a l s ,  Pxx. 

PDERIV: The only  purpose of PDERIV is t o  ca l l  DERIV f o r  each 

l e g  of t h e  t r a j e c t o r y .  Most of t h e  i n p u t s  t o  DERIV have 

a l r eady  been ca l cu la t ed  by WYDER i n  PAYOFF and DDERIV. 

PMAP, AMAP: PMAP and AMAP provide TCTPRE wi th  t h e  v a r i a b l e  t h r u s t  

power l e v e l  and a c c e l e r a t i o n  magnitude r e spec t ive ly  

a t  t i m e  H. The v e c t o r s  necessary t o  c a l c u l a t e  t h e s e  

va lues  are obtained from VTMODE through t h e  common 

block OUT. 

MODLEG is c a l l e d  t o  r e f e r  H t o  t h e  proper l e g  and 

POLEVL i s  then  used t o  eva lua te  t h e  power level and 

a c c e l e r a t i o n  polynomials 

POLEVL : Roughly, POLEVL eva lua te s  a polynomial with c o e f f i c i e n t s  

omials a t  a time, 
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POWER: 

DPOWER : 

REDIST : 

l y  t h e  polynomial 

2 

k= l  

2 
i.e. f(s)  = C T(k,s)TU(k) 

k-1 

Y = C U(k)TA(k)U(k)F 

The on ly  argument of t h i s  subrout ine  is  h e l i o c e n t r i c  

r a d i u s  R i n  au. 

c a l c u l a t e  t h e  power l e v e l  of t h e  powerplant a t  r a d i u s  

R. Th i s  power l e v e l  i s  r e l a t i v e  t o  t h a t  a t  one au,  

i .e. ,  POWER (1) = 1. Note t h a t  a l l  q u a n t i t i e s  i n  t h i s  sub- 

r o u t i n e  are double p rec i s ion .  

The purpose o f  t h e  r o u t i n e  i s  t o  

The nominal power 

POWER(R) = 

p r o f i l e  is  as fol lows:  

, i f  R > .652 2.825 

, i f  R 2 .652 
(1*329 

This  subrout ine  c a l c u l a t e s  t h e  d e r i v a t i v e  of t h e  power 

level wi th  r e spec t  t o  R as computed i n  POWER above. 

(This  impl ies  t h a t  t h e  power p r o f i l e  must be a d i f f e r e n t  

t a b l e  func t ion  of R. I n  t h e  nominal case 

4*5625 , i f  R > .652 
DPOWER(R) = R3 

, i f  R I .652 I o  
c u l a  t ed 

r a j  ec to ry  

ne by 
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RESCAL: T h i s  subpro 

t a b u l a t i n g  t h e  s o l u t i o n :  

Where i = 0,1,2..,N, p ( t i )  > 0, N 5 301 

The cal l  l i s t  i s  CALL RESCAL (P,G,N,S) 

. 
P is  t h e  input  a r r a y  P ( t . )  t abu la t ed  a t  equal  

1 
i n t e r v a l s  i n  t . 

G is  t h e  ou tpu t  a r r a y  g(Ti) t abu la t ed  a t  
equal  i n t e r v a l s  i n  T. 

N i s  t h e  number of p o i n t s  i n  t h e  a r r a y  P and G. 

1 S is  1 pdt  assuming to = 0 ,  tN = 1 
0 

Simpson's Rule is  app l i ed  t o  t abu la t ed  T as a func t ion  
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s i n c e  J 

of KROOT) an  i n t e r v a l  ha lv ing  method i s  used t o  s a t i s f y  

t h e  c o n s t r a i n t  t o  s i n g l e  p r e c i s i o n  accuracy. 

i s  a montone f u n c t i o n  of K (one of t h e  arguments i 

Before beginning t h e  i t e r a t i o n  t h e  r o u t i n e  tests t o  see 

i f  a s o l u t i o n  i s  f e a s i b l e  ( t h e  cont inuous t h r u s t  ca se )  

and i f  so,  p u t s  upper and lower l i m i t s  on K. 

The c a l l  l ist  is: 

(AV,NAV,C,BZ,TSW,LGF) 

AV i s  t h e  a r r a y  av(t i )  i = 1 , 2 , . -  .,NAV 

NAV is t h e  number of elements i n  t h e  a r r a y  AV 

C ,  BZ are cons tan t s  passed on t o  KROOT 

TSW i s  t h e  output  a r r a y  of l e n g t h  30, t a b u l a t i n g  

each t i m e  t h a t  t h e  cons tan t  t h r u s t  switches va lue .  

LGF i s  t h e  e r r o r  i n d i c a t o r  s i g n i f y i n g  when a * 
mission is  impossible even wi th  continuous 

t h r u s t ,  

SEARCH, SEARCH i s  c a l l e d  i f  some i t e r a t i o n  produces a d i s t i n c t l y  
SECANT, 
DDERIV : higher  payoff than  t h e  previous one; t h a t  is i f  P(X> > 

P(X-DX). 

d i r e c t i o n  DX s i n c e  t h e  p o s i t i v e  d e f i n i t e  c h a r a c t e r s  of 

Pxx impl ies  t h a t  Gauss' method is  s t a b l e .  Therefore  f o r  

some RO E (1,O) ,P (X+RODX) must have a minimum. 

We know that P must i n i t i a l l y  decrease  i n  t h e  

SECANT a c t u a l l y  provdes t h e  lo.gic f o r  f i n d i n g  t h a t  va lue  of 

RO. 

RO = - .5. A l l  subsequent estimates are obtained us ing  

t h e  formula of t h e  secant  method ( see  Mathematics of 

Var iab le  Thrus t  Solu t ion) .  SECANT s t o p s  t h e  search  when 

The f i r s t  and second guesses  by SECANT are RO = 0 and 
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t h e  percentage change i n  payoff and a b s o l u t e  va lue  

t h e  d i r e c t i o n a l  d e  

DDERIV c a l c u l a t e s  

payoff i n  t h e  d i r e c t i o n  DX (PRO) f o r  each value of RO 

de l ive red  by SECANT. 

by t h e  subrout ine HAD i f  po in t ing  ang le s  of hyperbol ic  

(A s l i g h t  mod i f i ca t ion  i s  made 

excess v e l o c i t i e s  are involved).  

SQROOT : SQROOT s o l v e s  t h e  equat ion AX = B f o r  X, on t h e  assump- 

t i o n  t h a t  A i s  symmetric and p o s i t i v e  d e f i n i t e .  The 

technique used i s  t h e  square roo t  method ( see  Reference 1). 

I n  our  case A i s  t h e  ma t r ix  of (pseudo) second p a r t i a l  

d e r i v a t i v e s  of J. Because of t h e  d i v i s i o n  of t h e  

t r a j e c t o r y  i n t o  l e g s  t h i s  matr ix  has  t h e  following form: 

The coupling occurs  on ly  i n  subspaces corresponding 

t o  t h e  elements of X common t o  two l e g s ,  i . e . ,  p o s i t i o n  

and v e l o c i t y  a t  patch po in t s .  

t h e  s t r u c t u r e  of t h i s  ma t r ix  t h e  square roo t  process  

i s  e s s e n t i a l l y  reduced t o  t ak ing  t h e  square roo t  of 

each block. A t  t h e  beginning of t h e  subrout ine I N D  i s  

set equal t o  3 .  Upon success fu l  completion of t h e  r o u t i n e  

By t ak ing  advantage of  

I N D  is  set equal t o  2. I f  t h e  r o u t i n e  encounters a 

nega t ive  square ro p o s s i b l e  when NO = 3 o r  

NH = 3 ,  and t h e  m a t  no t p o s i t  i v e  i n i t e )  a r e t u r n  

i s  executed wi th  I N D  s t i l l  3 -- s i g n a l  
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START : 

p o r t i o n  of t h e  t r i p  t i m e  (TT). 

matching t h e  boundary cond i t ions  of t h e  p l ane t s .  I n  

o rde r  t o  f a c i l i t a t e  c a l c u l a t i o n s  t h e  s t a r t i n g  t r a j e c t o r y  

is  cons t ruc ted  i n  s p h e r i c a l  coord ina tes  and then  converted 

t o  Car t e s i an  coord ina tes .  The s t a r t i n g  t r a j e c t o r y  i t s e l f  

is  b a s i c a l l y  a s p i r a l  (always d i r e c t e d  counterclockwise 

r e l a t i v e  t o  t h e  e c l i p t i c  u n l e s s  one of t h e  p l a n e t s  i s  

re t rograde) .  The precise n a t u r e  of t h e  s p i r a l  i s  de te r -  

mined by t h e  func t ion  subrout ine  STARTF. 

STARTF : STARTF eva lua te s  a func t ion  f ( s )  def ined  on [0,1].  Th i s  

f u n c t i o n  is  cont inuously d i f f e r e n t i a b l e  and has t h e  

fol lowing p r o p e r t i e s :  

f ' ( 1 )  = D 1 .  I n  a d d i t i o n  f ' ( s )  > 0, i f  DZ > 0 and D 1  > 0. 

The f i r s t  four  p r o p e r t i e s  i n s u r e  t h a t  t h e  s t a r t i n g  tra- 

j e c t o r y  boundary cond i t ions  match those  of t h e  te rmina l  

p l a n e t s .  The last  condi t ion  i n s u r e s  t h a t  t h e  s t a r t i n g  

t r a j e c t o r y  i s  p o s i t i v e l y  o r i e n t e d  i f  n e i t h e r  p l ane t  is  

re t rog rade .  The cal l  list is (DZ,Dl,S) where: 

f ( 0 )  = 0, f ( 1 )  = 1, f ' ( 0 )  = DZ, 

DZ i s  f ' ( o )  

s any number i n  t h e  i n t e r v a l  [O,l] 

2 
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) S2 + (DZ)S] B + g(S) + h(S) D1-DZ 
f ( S )  = 

where 

S - DZ (1-B)S(2y) 
' 

h(S) = 2 

DZ - (1-B) B 2 

S I 1-B 

S > 1-B 

S < B  

S r B  

and i f  DZ + D 1  s 2 

f ( S )  = S(DZ + S(3 - 2DZ - D 1  + S(DZ + D1-2))) 

TSHIFT : This  sub rou t ine  computes t h e  long i tude  of t h e  t r a j e c t o r y  

as a f u n c t i o n  of t i m e .  It then d i v i d e s  t h e  t r a j e c t o r y  

i n t o  NLP arcs of equal  l ong i tude  and determines t h e  

elapsed t i m e  f o r  each arc. These t i m e s  are f ed  i n t o  

REDIST, which r e d i s t r i b u t e s  t h e  l e g s  of  t h e  t r a j e c t o r y  

accordingly.  

VCAL : The i n p u t  t o  t h i s  subprogram i s  a v e c t o r  VR(m), M = l , . . , N D  

r ep resen t ing  t h e  d i r e c t i o n  of t h e  relative v e l o c i t y  between 

t h e  v e h i c l e  and p l a n e t  a t  launch o r  arr ival .  

normalizes t h e  magnitude of t h i s  v e c t o r  t o  1 and then  

computes i t s  f i r s t  and second o r d e r  p a r t i a l  d e r i v a t i v e s  

(VRA and VRAA r e s p e c t i v e l y )  w i th  r e s p e c t  t o  h e l i o c e n t r i c  

l ong i tude  and l a t i t u d e .  

VCAL 
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WYDER : WYDER is  c a l l e d  f o r  each l e g  of t h e  t r a j e c t o r y .  

s e v e r a l  t a sks .  F i r s t  it c a l c u l a t e s  t h e  payoff (P) f o r  

t h e  l eg .  

v e c t o r  (AV) and t h e  power vec to r  (Wy), and t h i r d l y  i t  

c a l c u l a t e s  q u a n t i t i e s  which are used i n  DERIV (B,Q,G,H). 

It has 

Secondly it , cons t ruc t s  t h e  a c c e l e r a t i o n  v e c t o r  

The q u a n t i t y  G i s  c a l c u l a t e d  only  i f  NO = 3, i .e,  

Newton's method is being employed. 
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V. PROGRAM LIMITATIONS 

T r a j e c t o r i e s  should not  be attempted which r e q u i r e  more than t h r e e  

r evo lu t ions  about t h e  sun. A s  t h e  in-plane t r a n s f e r  ang le  i n c r e a s e s  

t h e  rate of convergence gene ra l ly  decreases .  

convergence t h e  program's automatic convergence c r i t e r i a  may mistakenly 

dec ide  t h e  optimum has been reached, cease i t e r a t i n g  and provide t h e  

normal success fu l  p r i n t o u t .  I f  t h e  use r  should f i n d  himself i n  t h i s  

s i t u a t i o n  i t  would be adv i seab le  t o  e i t h e r  make m u l t i p l e  runs i n  t h e  

v i c i n i t y  and examine t h e  r e s u l t s  f o r  cons is tency ,  o r  change t h e  conver- 

I n  cases  of very  slow 

gence c r i t e r i o n  i n  VTMODE, recompile,  and run  again.  

Nei ther  t h e  depa r tu re  o r  a r r i v a l  "planet" can have o r b i t s  of high 

e c c e n t r i c i t y .  I f  t h e  use r  exe rc i se s  t h e  op t ion  of spec i fy ing  t h e  

elements of a t e n t h  f i c t i t i o u s  p l ane t  he  must remember t h a t  comets a r e  

not allowed. Th i s  l i m i t a t i o n  i s  imposed by subrout ine  EPHEM. If t h e  

use r  d e s i r e s  t o  i n t e r c e p t  comets o r  o t h e r  bodies  wi th  h ighly  e c c e n t r i c  

o r b i t s  i t  i s  a s imple matter t o  s u b s t i t u t e  a s u i t a b l e  r o u t i n e  f o r  t h e  

s o l u t i o n  of K e p l e r ' s  equat ions ( see  subrout ine  EPHEM). 

The program makes use  of a g r e a t  d e a l  of double prec is ion .  The penal ty  

f o r  double p r e c i s i o n  i s  s l i g h t  on t h e  I B M  360 system; however, t h i s  

may not  be so on some o t h e r  systems. 

o p e r a t e  on another  computer lack ing  high speed mul t ip l e  p r e c i s i o n ,  l a r g e  

inc reases  i n  run  time are t o  be expected. On t h e  o t h e r  hand, some 

computers have a longer ,  s i n g l e  p r e c i s i o n  word l e n g t h  ( f o r  example t h e  

SRU 1108) which makes i t  p o s s i b l e  t o  eliminate most of t h e  double 

p r e c i s i o n  and st i l l  achieve  comparable accuracy. 

I f  t h e  program i s  converted t o  
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AV : 

BDY: 

BOUND : 

CHEB : 

D: 

D 1 :  

D 2  : 

D 3  : 

D4 : 

DELTA: 

DX : 

DICTIONARY OF TERMS * 

AV is  a ' t r i p l y  subscr ip ted  a r r a y  (AV(I,M,LN)) and i s  t h e  

va lue  of t h e  Mth coord ina te  of t h e  a c c e l e r a t i o n  a t  t h e  

I t h  Chebychev po in t  of t h e  LNth l eg .  

BDY i s  a t r i p l y  subscr ip ted  a r r a y  (BDY(M,J,K)) f i l l e d  wi th  

q u a n t i t i e s  a s soc ia t ed  with t h e  boundary va lues  of t h e  

t r a j e c t o r y .  BDY (M, 1 , l )  M = l , . . , N D  are t h e  components 

of t h e  v e l o c i t y  of t h e  v e h i c l e  r e l a t i v e  t o  t h e  launch p l a n e t ;  

BDY (M,2,1) M = l , . . , N D  a r e  t h e  components of t h e  app l i ed  

a c c e l e r a t i o n  of t h e  v e h i c l e  a t  t h e  launch p l ane t ;  and BDY 

(M,3,1) are t h e  d e r i v a t i v e s  of t h a t  a c c e l e r a t i o n  a t  t h e  

launch p lane t .  

A l o g i c a l  v a r i a b l e  which i s  t r u e  i f  and only i f  hyperbol ic  

excess  speeds are spec i f i ed .  

A s i n g l y  subscr ip ted  a r r a y  conta in ing  t h e  Chebychev p o i n t s  

of [0,1] of o rde r  NP. 

J u l i a n  day number, used i n  subrout ine  EPHEM 

J u l i a n  d a t e  of depa r tu re  

J u l i a n  d a t e  of a r r i v a l  

Same as D 1  

Same as D2 

Convergence t o 1  nce f o r  Gauss' and Newton's i t e r a t i o n s  

DX is  a t r i p l y  subscr ip ted  a r r a y  (DX(I,M,LN)) conta in ing  

the change i n  X from one i t e r a t i o n  t o  

* Specia l  groups of terms are a l s o  def ined  i n  v a r i o u s  s e c t i o n s  else- 
where i n  t h e  document (see Input ,  Output o r  s p e c i f i c  subrout ines) .  

A- 1 



D2-121308-1 

E :  

EPOCH : 

H 1 :  

H2 : 

H3 : 

H4 : 

HV1: 

HV2 : 

J V  : 

N:  

N 1 :  

N 2  : 

NA : 

NB1: 

NB2 : 

NB3 : 

NB4 : 

NC : 

A mat r ix  c o n t a i  

d e s c r i p t i o n  of subr  

J u l i a n  d a t e  a t  e 

Hyperbolic excess  speed a t  launch p l ane t  (au/yr)  

Hyperbolic excess speed a t  a r r i v a l  p l a n e t  (au /yr )  

Same as H 1  but i n  km/sec 

Same as H2 but  i n  km/sec 

I n i t i a l  hyperbol ic  excess  v e l o c i t y  r e l a t i v e  t o  t h e  

depa r tu re  p l a n e t  (km/sec) 

F i n a l  hyperbol ic  cxcess  v e l o c i t y  r e l a t i v e  t o  t h e  a r r i v a l  

p l ane t  (kml sec )  

Payoff i n  au /yr3  (same as P) 2 

NP/ 2 

A parameter which a d j u s t s  t h e  indexing i n  SQROOT t o  account 

f o r  d i f f e r i n g  boundary cond i t ions  a t  launch. 

Same as N 1 ,  bu t  f o r  a r r i v a l .  

Acce lera t ion  number 

Launch boundary number 

0 f o r  approximate s o l u t i o n  

1 f o r  more a c c u r a t e  acceler- 
a t i o n  t i m e  h i s t o r y  I 

1 s p e c i f i e d  hyperbol ic  excess  

2 rendezvous 

n t i o n  as NB1) 

Number of dimensions (used i n  call  list of VTMODE) 
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NCON : 

NCOUN : 

NCOUNT : 

ND : 

NF : 

NFAIL : 

ND2 : 

NIT : 

NH : 

A f l a g  f o r  t h e  computation of c e r t a i n  ma t r i ces  i n  

subrout ine  CONST. 

Same as NCOUNT. 

Counter used i n  TCTPRE t o  determine when new t r a j e c t o r y  

has been ca l cu la t ed  by VTMODE. 

Number of dimensions of t h e  t r a j e c t o r y .  

A f l a g  which determines whether TSHIFT has been c a l l e d  

earlier. 

A f l a g  which i s  2 i f  SQROOT success fu l ly  so lves  i ts  set 

of l i n e a r  equat ions ,  and 3 i f  no t .  

2ND 

Maximum number of i t e r a t i o n s  allowed f o r  achieving a n  

optimum . 
An i n t e g e r  tak ing  t h e  va lues  2 o r  3. NH i s  used only  when 

hyperbol ic  excess  speeds are s p e c i f i e d ,  and r ep resen t s  an  

op t ion  i n  t h e  c a l c u l a t i o n  of Pxx. Normally a c t u a l  com- 

ponents of t h e  vec to r  X comprise t h e  set of independent 

parameters t o  be optimized. I n  t h e  case of f lyby  

X(2,M,1) (and/or X(NPMl,M,NL)), M = l , . . , N D  belong to t h i s  

set. However when hyperbol ic  excess speeds are s p e c i f i e d  

t h e s e  q u a n t i t i e s  become p a r t i a l l y  cons t ra ined .  

t o  r e g a i n  a f r e e  parameter set new unconstrained parameters 

c1 (and B i f  ND=3) are introduced,  r ep resen t ing  t h e  he l io-  

c e n t r i c  l ong i tude  ( l a t i t u d e )  of t h e  hyperbol ic  excess  

v e l o c i t y .  Now X(2,M,1) becomes a func t ion  of c1 (and B) ( see  

I n  o rde r  

Reference 1). This  f u n c t i o n a l  r e l a t i o n s h i p  is  h igh ly  non- 

l i n e a r ,  so t h a t  it i s  sometimes d e s i r a b l e  t o  inc lude  terms 

involving second o rde r  d e r i v a t i v e s  wi th  r e spec t  t o  c1 (and B) 

t o  Pxx when employing Gauss' method. 

terms are added, o therwise  NH-2; when Newton's method i s  

being employed ( i .  e. NO=3), NH is  a l s o  3. 

NH=3 s i g n i f i e s  t h e s e  
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NL : Number of l e g s  of t h e  t r a j e c t o r y  

NLP : Number of l e g s  (same as NL) 

NO : Order number 2 f o r  Gauss' method 

3 f o r  Newton's method I 
NP : Number of Chebychev p o i n t s  p e r  l e g .  

NP1: Departure p l ane t  number, v a r i e s  from 1 f o r  Mercury t o  9 

f o r  P lu to .  

NP2 : Arr iva l  p l ane t  number 

NP3 : Same as NP1 

NP4 : Same as NP2 

N P D l  : NP - ND 

NPD2 : NPD - ND2 

NPMl : NP - 1 

NPO : Same as NPOW 

NPOW : Power number 1 f o r  v a r i a b l e  power 

0 f o r  cons tan t  power I 
NR : Number of f u l l  r evo lu t ions  around t h e  sun (NR = 0 f o r  

t r a v e l  ang le s  less than  360'). 

0 f o r  no t r ack ing  

1 f o r  t r ack ing  I NT : Tracking number 

P: 2 3  Payoff i n  au / y r  

PLANET: A l o g i c a l  v a r i a b l e  which is  t r u e  i f  one of t h e  p l a n e t s  i s  

Mercury, P lu to  o r  f i c t i c i o u s .  

2 3  PS : Payoff i n  au  / y r  . 
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PX: 

PXX: 

S I  : 

STEP : 

T: 

T2: 

T3 : 

TA : 

TANGLE : 

TEST : 

TP : 

TW: 

TT : 

v1: 

v2 

VR: 

PX is a doubly subsc r ip t ed  a r r a y  (PX(K,LN)), f i l l e d  i n  

DERIV wi th  f i r s t  o r d e r  p a r t i a l  d e r i v a t i v e s  of t h e  payoff 

f o r  each l eg .  PX i s  a l s o  f i l l e d  i n  SQROOT with t h e  s o l u t i o n  

of t h e  l i n e a r  set of equat ions de f ined ,by  Gauss' and 

Newton's methods. 

PXX i s  a t r i p l y  subsc r ip t ed  a r r a y  (PXX(K1, K2, LN)) f i l l e d  

i n  DERIV w i t h  second o r d e r  p a r t i a l  d e r i v a t i v e s  of t h e  payoff 

f o r  each l e g .  

S p e c i f i c  impulse of t h r u s t e r s  (sec). 

F rac t ion  of increment of hyperbol ic  excess speed. 

T(LN) i s  a s i n g l y  subsc r ip t ed  a r r a y  r ep resen t ing  t h e  

du ra t ion  i n  y e a r s  of t h e  LNth l e g  of t h e  t r a j e c t o r y .  

T2(LN) = T(LN)-2 

T3(LN) = T(LN)-3 

Travel ang le  ( r ad ians )  of t r a j e c t o r y  

A l o g i c a l  v a r i a b l e  which i s  t r u e  i f  and on ly  i f  t h e  travel 

a n g l e  of t h e  t r a j e c t o r y  i s  g r e a t e r  than 3n. 

R e l a t i v e  change i n  payoff from one i t e r a t i o n  t o  t h e  next .  

TP(LN) = ( ~ s T ( L N ) ) ~  

Thrust  t o  weight r a t i o  of  spacec ra f t  re la t ive t o  power 

level  a t  1 a.u. 

T r i p  t i m e  i n  years .  

P o s i t i o n  and v e l o c i t y  of launch p l a n e t  i n  a.u. and y r ,  w i th  

V l ( 1 )  = x, Vl(2) = y, Vl(3) = z ,  Vl(4) = 2, Vl(5) = 9 ,  Vl(6) 
= 2. 

Same as V 1  f o r  arr ival  p l a n e t  

VR i s  a doubly subsc r ip t ed  a r r a y  (VR(M,NB), M = l , . . , N D - 1 ,  

NB=1,2) r ep resen t ing  t h e  i n i t i a l  (NB=l) and f i n a l  (NB=2) 

d i r e c t i o n s  of hyperbol ic  excess ve loc i ty .  
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VRA: VRA i s  a t r i p l y  subs 

p a r t i a l  d e r i v a t i v e s  of VR w i t h  r e spec t  t o  h e l i o c e n t r i c  

l ong i tude  and/or  l a t i t u d e ,  t h a t  is, i f ’  

t hen  

a VR(M,NB) 
aa and VRA(M,2) = 2 6  

V R A ( M , l )  = 

VRAA: A quadruply subsc r ip t ed  a r r a y  (VRAA(M,I , J ,NB) ;  M = l , . . , N D ;  

I = l , . . , N D - 1 ;  J = l , . . , N D - 1 ;  NB = 1 ,2 )  r ep resen t ing  t h e  

second o r d e r  p a r t i a l  d e r i v a t i v e s  of VR w i t h  r e spec t  t o  

h e l i o c e n t r i c  l ong i tude  and/or l a t i t u d e .  

2 ~ ( ~ , ~ ~ >  

a f i2  
a2vR(M’NB) , VRAA(M,2,2,NB) = That i s  VRAA(M,l,l,NB) = 2 a a  

a 2 ~ ~ ( ~ , ~ ~ >  VRAA(M,1,2,NB) = UW(M,2,1,NB) = 

wv: 

X: 

WV i s  a doubly subsc r ip t ed  a r r a y  (WV(1,LN)) and i s  equal  t o  

@ = t h e  power l e v e l )  a t  t h e  I t h  Chebychev p o i n t  of 

t h e  LNth l e g .  

X i s  t h e  same a r r a y  as  XV except t h a t  t h e  coord ina te s  of 

t h e  t r a j e c t o r y  a t  t h e  2nd and next  t o  las t  Chebychev p o i n t s  

of any l e g  are replaced by normalized d e r i v a t i v e s  a t  t h e  

endpoints of t h e  l eg .  I f  x(M,t) is t h e  Mth coord ina te  of t h e  

t r a j e c t o r y ,  a t  t i m e  t ,  then  

t=tf I X(NP-1 ,M, =-T (LN) 

f d u r a t i o n  of t h e  t h  l e g  and t and t 

are t h e  i n i t i a l  and f i n a l  t i m e s  r e s p e c t i v e l y  of t h e  l e g .  
i he re  T(LN) i 
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xs : 

xv: 

Same as X, and used t o  save  t r a j e c t o r i e s .  

XV i s  a t r i p l y  subscr ip ted  a r r a y  (XV(I,M,LN)) which d e f i n e s  

t h e  t r a j e c t o r y .  

t h e  Mth coord ina te  of t h e  t r a j e c t o r y  a t  t h e  I t h  Chebychev 

poin t  i n  t h e  LNth l e g .  

To be more s p e c i f i c ,  p is  t h e  va lue  of 
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APPENDIX B 

OPERATING. INSTRUCTIONS 

The program i s  coded i n  FORTRAN I V  t o  run  on t h e  IBM System 360 

computer. 

MVT. The deck w a s  compiled us ing  Release 1 6  FORTRAN G and Release 

16  FORTRAN H, Optimization Level 02. It should ope ra t e ,  w i t h  on ly  

minor changes i n  c o n t r o l  ca rds ,  on any IBM system 360 with a FORTRAN 

compiler and 150,000 by te s  a v a i l a b l e  core.  

It w a s  v a l i d a t e d  on an IBM 360/75 using OS Release 16 

The program i s  coded as a subprogram so  t h a t  it may be used as p a r t  

of a l a r g e r  mission design master program. Its i n i t i a l  usage, however, 

i s  expected t o  be  as a s t and  a lone  des ign  too l .  I n  t h i s  mode t h e  sub- 

programs are s t o r e d  on a d i s k  where they  may be r e t r i e v e d  and combined 

wi th  main program each t i m e  t hey  are  needed. The main program i s  then 

a sequence of ca l l s  t o  t h e  subprograms, w i th  t h e  inpu t  d a t a  passed on 

as l i t e r a l  c o n s t a n t s  i n  t h e  ca l l  l ist.  

i n  Appendix C. 

Input.  

Several  examples are given 

The inpu t  d a t a  are discussed under Program Organizat ion - 

Computation t i m e  varies on a given machine wi th  the type  of tra- 

j e c t o r y  being solved. The a c t u a l  t i m e  spent by t h e  computer calcu- 

l a t i n g  an optimum t r a j e c t o r y  i s  a func t ion  of t h e  number of patched 

polynomials (see Analysis) and t h e  number of i t e r a t i o n s  required.  Hence 

t h e  t i m e  t o  compute "easy" v e r s u s  "hard" t r a j e c t o r i e s  can va ry  by two 

o r d e r s  of magnitude. The f i r s t  sample case i n  Appendix C i s  a n E a r t h  

t o  Mars rendezvous. It is  a n  "easyf' t r a j e c t o r y .  The a c t u a l  computation 

t i m e  used by t h e  c e n t r a l  processing u n i t  of t h e  I B M  360/75 w a s  .3 
seconds. Compilation, l i n k  e d i t i n g ,  and v a r i o u s  i n t e r r u p t s  f o r  I O  are 

not  included. I n  o t h e r  words, on almost any machine t h e  a c t u a l  com- 

p u t a t i o n s  f o r  t h i s  sample case should consume a n  i n s i g n i f i c a n t  t i m e  

compared t o  t h e  t o t a l  run  t i m e .  
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APPENDIX C 

SAMPLE CASES 

Mars Rendezvous 

Th i s  is  a two-dimensional t r a j e c t o r y  having zero hyperbol ic  excess  ve- 

l o c i t y  a t  Ea r th  and Mars. 

t h e  200 day t r i p .  

A s i n g l e  t r a j e c t o r y  w i l l  e x e c u e i n  .3 seconds on t h e  I B M  360/75 using 

t h e  Level 02 FORTRAN H compiler.  

one l e g  t r a j e c t o r i e s  execute  i n  .1 seconds. The t i m e  i s  reduced because 

a number of computations are performed only  f o r  t h e  i n i t i a l  ca se  and 

It t akes  only  one 1 0  po in t  polynomial f o r  

This  simple case  i s  included mainly as a t i m e  check. 

Addit ional  cases of t h e  same o r  smaller 

need not  be  repeated.  These execut ion times are very  small compared 

wi th  o t h e r  machine ope ra t ions ,  such as compilat ion,  l i n k  e d i t i n g  and 

va r ious  unavoidable de lays .  

p i l e r  i n c r e a s e  by more than 50%. 

Execution t i m e s  usin.g t h e  FORTRAN G com- 

The main program f o r  t h i s  t r a j e c t o r y  is ,  s t a r t i n g  i n  card column 7 ;  

COMMON/BDYP/BDY(3,3,2),PV,PC 

CALL VTM0DE(2,0,3,4,2,2,2446538.,2446738.,0.,0.,0,0,0) 

STOP 

END 

The s h o r t  form output  appears  on the  fol lowing page. 
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This  i s  on 800 day E a r t h  t o  J u p i t e r  mission us ing  so ar power. 

from e a r t h  is  wi th  zero excess v e l o c i t y .  

at J u p i t e r  i s  unconstrained. 

page i s  followed by a cons tan t  s p e c i f i c  impulse output .  

accu ra t e  a c c e l e r a t i o n  h i s t o r y  w a s  requested (NA = 1 ) .  I f ,  f o r  t h i s  

case,  NA had been set equal  t o  zero ,  two extraneous t h r u s t  pe r iods  would 

have appeared. 

Departure  

The arrival excess v e l o c i t y  

The v a r i a b l e  t h r u s t  ou tput  on t h e  next 

Note t h a t  an 

However, t h e  payoff i s  l i t t l e  changed by t h e  NA s e t t i n g .  I n  f a c t  t h e  

two payoffs  are 

J C  = 12.8831 f o r  NA = 0 

JC = 12.7077 f o r  NA = 1 

The main program i s  as fol lows:  

CALL VTM0DE(3,0,3,5,2,0,2444140.,2444940.,0.,0.,1,1,0) 

CALL OUTCAL 

CALL TCTPRE(.00008,5000.) 

STOP 

END 
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Saturn Flyby 

A series of five Earth to Saturn flybys are computed varying hyper- 
bolic excess velocity at earth. The main program is: 

COMMON/BDYP/BDY (3,3,2) ,PV,PC 

CALL VTMODE(3,0,3,6,2,0,2446750.,2448550.,0.,~.,~,0,0) 

DO 1 I = 1,4 

HV1 = 1.0 + (1-1)*1.0 
CALL VTMODE(3,0,3,6,1,0,2446750.,2448550.,HVl,O.,~,~,~) 

1 CONTINUE 

STOP 

END 

This illustrates tracking in hyperbolic excess speed from a previously 
computed rendezvous solution. 
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02-121308-1 

Out-of-the-Ecliptic Probe 

This is an example of using the three-dimensional start option. 
goal is to achieve a 1 au circular solar orbit inclinded 45' to the 
ecliptic. A tenth set of orbital elements were inserted in Subroutine 
EPHEM. They are 

The 

a = 1.000000 

e = 0. 

i = .8 radians 

= 4.7 radians 

a =  0 radians 

L = 1.748089 

The trajectory assumes solar power. 
the 720 day trip time. 

The launch date is near-optimum for 

The main program is 

COMMON/BDW/ BDY ( 3 , 3 , 2  1 PV, PC 

CALL VTMODE(1,1,3,10,2,2,2443958.92444678.,0.,O.,l9O,O) 

CALL OUTCAL 

STOP 

END 
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APPENDIX D 

L I S T I N G S  

INDEX OF SUBROUTINES FOR APPENDIX D 

Subroutine Page Subroutine Page 

ALIGN 

AMAP* 

AVTEST 

CONST 

DDERIV 

D E R I V  

DPOWER* 

EPHEM 

FIXTJP 

HAD 

INTRDN 

INTRUP 

I N V I N T  

KROOT 

MODIFY 

MODLEG 

MULTl 

MLTLT2 

MULT 3 

MULT4 

MULT 7 

MLTLT8 

MULT9 

OUTCAL 

D-13 

D-31 

D-19 

D-22 

D-8 

D-10 
D-25 

D-24 

D-13 

D-18 

D-30 

D-31 

D-2 6 
D-2 9 
D-12 

D-19 

D-20 

D-20 

0-20 

D-20 

D-21  

D-21 

D-2 2 

D-16 

O U T P T l  

OUTPUT 

OUTTOO 

PATCH 

PAYOFF 

P D E R I V  

PMAP* 

POLEVL 

POWER* 

R E D I S T  

RESCAL 

ROOTR 

SEARCH 

SECANT* 

SQROOT 

START 

STARTF* 

TCTPRE 

T S H I F T  

VCAL 

VTMODE 

WYDER 

D-17 

D-16 

D-28 

D-11 

D- 7 

D- 9 
D-31  

D-19 

0-25 

0-15 

D-27 

D-27 

D- 7 

D-8 

0-23 

D- 5 

D-4 

D-25 

D-14 

D-18 

D- 2 

D- 6 

* T h e s e  are func t ion  s u b p r o g r a m s .  
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END 
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B L O C K  D A T A  
O C U B L t  P R E C I S I G N  P X X 9 P X . G  
D O U B L E  P R E C I S I O N  VR,DJR,VRA,VitAA,OAL 
C O Y M O N / C O U ~ T / N C O U N T , ~ C O U ~ , N L P  
C O V Y C N / P X X P X / P X X ( 3 0 , 3 0 , 6 ) , P X ( 3 0 , 6 ) , G t 9 0 , 6 )  
C O ~ C O N / V R E L / V K ( 3 r 2 ) , V ~ A ( 3 , 7 , 2 ) , V ~ A A ( 3 , 2 , ? , 2 ) , D V R ( 3 , 2 ) , D A L ( 3 , 2 , 2 )  
D A T A  P X X v P X q G  / 4 1 2 O * O . D 0 /  
O A T A  N C O U N T ~ N C O U N , N L P / 3 * 0 /  
O A T A  J R , V t t A , V Q A A r D V R , D A L  /h0*0-00/ 
EIuO 

R E A L  F U N C T I O N  STARTF(CLwDlrS) 
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1 9  

29 
3 9  

6 5  

49 

75 

79 

5 

SUBHOUTINE SEARCH(X,P,DXI 
OOUBLE PHECISIUN A,AAtBAeU,V,CHEB 
DOUBLE PRECISION ~RtD~R,VKArVKAA,UAL,RHO 
OCUBLt PRECISION X ( 3 0 , 6 ) , D X ( 3 O , b ) , P X X , P X ~ P ~ P R C I , R O , S E C A N T ~ Z , h  
C O ~ M C ~ / P X X P X / P X X ( 3 0 , 3 0 , 6 ) , P X ( 3 0 , 6 )  
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D C U B L E  P R E C I S I O N  F U N C l I O N  S E C A N T ( P t P R O 1  
O U U B L t  P R E C I S I O N  R O t P t P R O t R O 2 t P R O Z t P Z  
R G 2 = - * 5  
QG=O 
0 U  5 I T = l t 2 0  
C A L L  C D E K I V I R 0 2 t P 2 t P R O 2 t l )  
I F ( I T o E Q o Z 0 )  GO TO 10 
I F ( D A ~ S ~ ( P 2 - P ) / P ) ~ L T 1 . 0 0 0 1 , A N O , D A B S ( P R 0 2 / P Z ~ a L T e l o ~  GO T O  10 
P = P 2  
P2=(RO*PRO2-RO2*PKOl/~PRO2-PRO~ 
R G = R C Z  
R C 2 = P 2  

5 P R O = P K 0 2  
LO S E C A N T = R O Z  

P = P 2  
R E T U R N  
END 

S U B R O U T I N E  D D E R I V ( R C t P t P R 0 t N S )  
D O U B L t  P R E C I S I O N  V R t D V R t V R A t V H A A e D A L  
C O C C C ~ / V R € L / V R ( ~ T ~ ~ ~ ~ ~ A ( ~ ~ ~ ~ ~ ) ~ V R A A ( ~ ~ ~ ~ ~ ~ ~ ) ~ D V R ~ ~ ~ Z ) ~ D A ~ ( ~ ~ Z ~ ~ )  
D O U B L E  P R E C I S I O N  P q P R C t R O t W t Z  
D O U B L E  P R E C I S I O N  DH(3t2)tDHR0(3tZ)tHtRHO,~(3)tV~3)tDSURT 
D O U B L E  P R E C I S I O N  X V t A ~ t W V t T T t T t T 2 t T 3 t T P I P 1 2 r P X X 1 P X X t P X t G  
C O ~ ~ G N / P X X P X / P X X ( 3 0 r 3 0 ~ 6 ) ~ ~ X ~ 3 ~ t 6 ) , ~ ( 9 0 t 6 )  
C G ~ ~ O N / T I M E Q / T T ~ T ( 6 ) , r 2 o , T 3 ( 6 1 , T P o l P I 2  
C O ~ ~ C N / P A R A M / ~ L I N D ~ N P ~ N ~ N P D ~ N P M L ~ N D ~ ~ ~ P D ~ ~ N P D ~ ~ N P O W ~ N B ~ ~ N B ~ ~ N O ~ N H  
C O M C G N / O U T / X V ( ~ O I ~ ) ~ A V ( ~ O , ~ ) ~ W V ( L O ~ ~ )  
C O M M O N / P U T / N P  L , N P 2 t O l  t 0 2  t H 1  t H 2  t P S  t V I (  6 )  t V Z  ( 6) 
RHCI=RC+ 1 
DO 50 N B = l t Z  

L N = t N B - l ) * N L + ( Z - N B )  
I F ~ I N B ~ E Q o L m A N O o N B L ~ N E . 1 ) . O R , ( N B , E Q , t , A N D o N 6 2 o N E o l ~ ~ G O  Tfl  5 0  
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RETURN 
END 

20 

39 

49 

80  

8 1  

85 

89 

9 5  

D-10 





D-12 



D-13 



15 

20 

65  

99 
100 

50 
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900 
950  

5 

13 

CALL ~ E O I S T ( X , X V , N L , N L P , N D , N P , N )  
RETURPu 
END 
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20 W=M+TP(LNP) 
DO 30 L N P s l p N L P  
CALL M U L T ~ ( U , Y ( L , ~ , L N P ) ~ X ~ ~ N D ~ N P ) ? N D T N P )  
T ( L N P ) = T P ( L N P )  
T 2 ( L N P ) = l 0 / T ( L N P ) * * 2  
T 3 ( L N P ) = T 2 t L N P ) / T ( L N P )  

NL=NLP 
RETURN 
END 

30 T Y ( L ~ Y ) = ( P I Z + T I L N P ) ) * * 2  
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O A T A  UNCST/4H U N t 4 H  t 4 H  / 
DATA PU#OPT/ 8HCONSTANT 9 8HVAHIABLE / 
DATA PLANET/ 8HMEKCURY t8HVENUS t8HEARTH VBHHARS t 

LRkfJUPlTEK 9 8HSATURN ,BHURANUS 98HNEPTUNE t8HPLUTO t 

2 BHTENTH t8HELEVENTH 9 RHTWELFTH / 
K R I T f ( h r 4 3 2 1 )  

W R I T E t 6 r l C l )  PUWOPT(NPOW+l) 
W R I T E ( b t l Z 0 1  RDrNL tNP 
W K I T E ( 6 t 1 0 4 )  JJ 
W H I T E 1 6 t l O Z )  P L A N E T ( P 1 ) r  PLANET(P2 1 
W R I T E ( h t l 0 3 )  0 1 1 0 2  
W R I T E ( h r 1 2 1 )  P L A N E T ( P l ) r  H 1  t U N C S T ( N B l + l ) t  UNCST(3)  
W K I T E ( h i l 2 1 )  PLANET(P2) .  H2 t UNCST(NB2+1) ,  UNCST(3)  
W R I T E ( h t 1 0 Y )  
00 L I = l t 2 6  

RETURN 

4 3 2 1  FOHIyAT ( 1 H l )  

1 W R l T E ( 6 t 1 0 0 )  I A ( I v J ) r J = L t L 2 )  

100 F U R M A T ( F 9 . 2 t 4 F 8 . 3 t b F 8 . 2 r F 8 . 3 )  
101 FORPAT( 2bX,16HVARIABLE THRUST t A 8 9 2 1 H  POWER TRAJECTOAY I 
1 0 2  F O K M A T l / / l S X  ,16HDEPAHTURE PLANET 9 2 x 1  A 8  v 

1 l O X  9 14HARKIVAL PLANET 9 2 x 9  A 8 )  
1 0 3  FURMAT(/ /LSX rl6HDEPARTURE D A Y  tF lO.Ot  

1 1 O X  t14HARRIVAL DAY pF10,O 1 
104 FORMAT(/ /  1 5 X  25HPERFORMANCE INDEX ( J V )  t F10.3 1 
109 FURPAT( / /  34h TIME X Y 2 

1 t 2 5 H  K THETA P H I  
4 t 2 3 H  A X  A Y  A Z  
2 t 3 0 H  MAG, A P / P 0  
3 / / I  

2 t25h PATCHED POLYNOMIALS WLTH 113 
1 918h CHEBYCHEV POINTS 1 

1 l lHCCNSTRAINED 9 A4 1 

120 F O R P A i ( / /  1 5 X t I 5 ~ 2 9 H  DIMENSIONAL TRAJECTORY USING t IZ 

1 2 1  FURMAT( / /L~X,19HEXCESS VELOCITY A T  ,A89 F10,3 t 2 X t A 4 r  

FNO 

SUBRCUTINE O U T P T ~ ( P ~ ~ P ~ , D ~ ~ D ~ ~ H ~ ~ H Z ~ J V ~ N L ~ N D ~ N P ~ N P ~ N ~ ~ ~ N & ? T N P O ~ ~  
OICENSION UNCST(3 )  
OIPENSION A ( 4 )  
DATA A / 4 H * * 4 *  9 4H***+ 9 4H*+** 9 ftH**** / 
INTEGER P l r P 2  
DOUSLE P 4 t C I S I O N  P L A N E T ( l 2 I t P O W O P T ( 2 )  
DATA bhlCST/4H lJNt4H T 4H / 
DATA POWOPT/ 8tlCONSTANT 8HVARIABLE / 
DATA PLANET/ 8HMERCURY t8HVENUS q8HEARTH Q 8HMARS t 

IBHJUPITER t BHSATURN r8HURANUS t8HNEPTUNE t8t1PLUTO t 
2 BHTEi\rTH r8HELEVENTH 8 H T k E L f T H  / 

W R I T E ( 6 r 7 0 0 )  A t A t A t A t A q A t A  
W R I T t I b t 5 4 3 2 )  
W H I T f ( 6 t 7 6 0 )  A v A t A 1 A t A t A t A  
W R I T E 1 6 t L O l )  POWOPTINPOW+l)vNDtNLtNP 
W R I T E 1 6 t 2 2 1 )  PLANET( .P l ) t  D 1  9 PLANETtPZ)  9 02 
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W R I T E ( 6 t l 2 1 1  P L A N E T ( P 1 )  9 Hlc U N C S T ( N B l + l ) t P L A N E T ( P 2 ) , H 2  t 

W R I T E ( b r 1 0 4 )  J V ~ P O W O P T I N P O W + L ) ~ U N C S T o  
W R I T E ( 6 t 7 0 0 )  A , A + A I A , A , A 9 A  
H K I T E ( 6 t 5 4 3 2 )  
W R I T E ( b t 7 0 0 )  A 9 A V A t A 9 A t A t A  
R E T U K N  

L U N C S T ( N B 2 + l l t  U F J C S T ( 3 I  

121 F O H Y A T ( S X t L 9 H E X C E S S  V E L O C I T Y  A T  ~ A 8 t Z H I S t E 2 0 . 6 t 2 X t A 4 t  
Z l l H C U N S T R A I N E D  t 7H 9 A T  t A S t 2 H I S  9 E Z O s b r Z X t A 4 t  
1 1 1 H C C N S T R A I f ' U E D  t A 4  1 

1 1 6 H D l P F N S I O N S  USING 912 8H L € G S  OF t 1 3 t 1 7 H  C H k B Y C H E V  POINTS 1 
101 F O R M A T ( b X , L 6 H J A K I A B C E  T H R U S T  t A 8 1 2 0 H  POWER T R A J E C T O R Y  I N  t I 2  91x1 

2 2 1  F O F I M A T ( 5 X , 2 0 H D E P A R T U R E  P L A N E T  IS 9 A 8 q 1 4 H  A T  J U L I A N  D A Y  tF10.1 9 

1 20H A R R I V A L  P L A N E T  IS r A B 9 1 4 H  A T  J l J L I A N  D A Y  t F l O . 1  
104 FORMAT(SX~21HPERFORMANCE INDEX IS 9 E 2 0 . 6 , 4 X , A 8 , 1 0 H  POWER S A 4  1 
700 F O H M A T ( 1 H  9 2 8 A 4  1 

5432 F G R P A T ( l O X / l O X )  
E N D  
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DOUBLE PRECISION TINL) ,STW 
w=o. 
DO 10 K = l * N L  
LN=K 
W = W + T  (K 1 

1 0  CONTINUE 
1FIS.LT.WI GO TO 11 

11 s=i.-(w-s) /T(Lrdi 
RETURN 
END 
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K=NP+ 1- I 
v1=0. 
v 2 = 0 *  
00 79 J = l t N  
IF(L-GT.1) GO TO 75 
Vl=VL+A~ItJtl)*UlIJ) 
VZ=V2+A(ItJt2)*U2(J) 
GO TC 79 
Vl=Vl+A t J t I t 1 )*Ul ( J )  
V2=VZ+AtJtIt2)*U21J) 

Y t I t P ) = V 2 - V 1  
99 'f(K*M)=VZ+Vl 

R E T U R N  
END 

75 

79 CONTINUE 
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2 CONTINUE 
RETURN 
E N D  
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4 

5 

3 s  

40 

50  

59 

60 

2 

SUBKOUTINE S Q R O O T I A , B , X t N t M , N C P L , N L t ~ Z , I ~ D )  
UCJUBLE PAECIS IUN A ~ 3 0 ~ 3 0 ~ 4 ~ ~ 8 ~ 3 0 ~ 6 ~ ~ X ~ 3 0 ~ 6 ~ t ~ ~ Z ~ D S Q R T  
Il\ iD=3 
NCPL=r\tl 
NCP3=NCP 1 
NCPZ=N 

IF(KK.EQ,M) NCP2=N2 
IF(KK,EQ,l)  GO TO 9 
DO 5 J = l r N C P L  
J P L = J - 1  
X(J,KK)=XIN-NCPL+J,KK-l) 
DO 2 I = J t N C P L  
A(I,J,KKl=A(N-NCPL+I,~-NCPL+J,KK-l) 
DO 5 I=NCPl,NCP2 

DO 45 KK=l,M 
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Z = A ( I T J T K K )  

DO 4 K Z L T J M ~  
If(JoEQo1) GO TO 5 

4 Z=Z-A(ITKTKK)+AIJIKTKK) 
5 A(ITJTKK)=Z*A(JTJTKK) 
9 DO 40 J=NCPlrNCP2 

JPl=J+l 
JMl=J-l 
2= A(J,JTKKI 
W=6 (J T K K  I 
IF(JoEQ.NCP3)G0 TO 20 
DO 1 0  K - N C P ~ T J M ~  
W=W-A(JTKTKK)*X(KTKK) 
Z=Z-A ( J 9 K t K K  I **2 

A(J,J,KK)= DSQRT(lo/Z) 
X(J~KK)=U*A(J,JTKK) 
IF(J.EQ.NCP2) G O  TO 4 3  
DLi 40  I = J Y ~ T N C P ~  
I =  A I I T J T K K )  
IF(J.EQ.NCP3)GO T O  40 
00 30 K = N C P ~ T J M ~  

LO 
20 IF(ZeLT*Oe) RETURN 

30 Z = Z - A ( I T K T K K I ~ A ( J T K T K K )  
4 0  A ( I , J T K K ) = Z ~ A ( J I J T K K )  

4 3  NCP3tl 
45 NCPl=NCPL+l 

NCPL=N+l-N2 
NCP3=NCP1 
NCP2=N 
DO 92 KK=l,M 
KKK=M+l-KK 
IF(KK*EQoM) NCPZ=N+I-Nl 
IF(KK-EOe1)GO TO 89 
DO 85 JZlvNCPL 

85 X ( N - N C P L + J T K K K ) = X ( J T K K K + I )  
89 DO YO J=NCPlrNCP2 

LzN4L-J 
JMl=J-1 
Z= X(LTKKK) 
IF(J.EQ.NCP3) GO T O  90 
00 80 I - N C P ~ T J M ~  
K=N+l-I 

80 Z= L - A ( K T L T K K K ) ~ X ( K T K K K )  
90 X(L,KKK)= Z*A(LTLsKKK) 

NCP3=1 

IND=2 
R f T U R h  
END 

92 NCPl=NCPL+l 
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DOUBLE PRECISION FUNCTION POWER4H) 
DOUBLE PRECISION R,DSQRTtAlrAZ 

I F ( S , G T , ( 5 , 4 A 2 / 1 4 . * A 1 ) ) 8 * 2 )  GO TO 1 

RETURN 

RETURN 
END 

DATA A l r A Z  /2.82500 rlm82500 / 

P O W E ~ = ( A 1 / ( 5 . + A 2 / ( 4 , * A l I ) ~ ~ 4 ) / 5 a  

1 PUWER=(Al-A2/0SQRT(R))/R**2 

OOUBLE PRECISION FUNCTION DPOkER(R1 
DOUBLE PRECISION H,DSQRT,Al,A2 
DATA Al,AZ /-5.6500 94,562500 / 
DPOWEK=IAl+A2/CSURTtH))/R*~3 
I F t O P O W E R ~ G T , O ~ )  DPOWER=O, 
R E T U R N  
END 

SUBRGUTINE TCTPRE(TW,SI) 
C O M M O ~ / B D Y P / B D Y ( 3 , 3 , 2 1 r P V , P V P C  
CO~~CN/COUNT/NCOUNT,NCOUN*NLP 
COPMGN / T I M E Q /  TT 
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DOUBLE PRECISION TT 
OIPENSION S T ( 3 O )  
COPPON/PXXPX/PR(301)tTYME 

10 IF(NCOUNToEQmO1 RETURN 
11 IFINCOUNoEOoNCOUNTIGO TO 950 

W R I  TEI69432 1) 
4 3 2 1  FORMAT{ lHl) 

NCOUN=NCOUNT 
NNN=101 
OT= T T /  4 NNN- 1) 
00 1 I=l,NFIN 

CALL AESCAL IPRtTYME,NNNpTAVSTR) 
DO 4 I=lrNNN 

1 PH(II= PMAY(Ii-l)+OT) 

4 V A I f ) =  A M A P ( T Y M E ( I ) + T T ) / P M A P ( f V M E ( I ) * T T )  
f=TT*TAVSTR 

B0=Tk*3155760O0/SI 

BOT=B0*T 
C T = C / T  

950 CONTINUE 

C=SI+6528Oo/315576OOo 

CALL ~ O O T H ( V A t N N N , C T , B O T . S T , L G F )  
0 IF(LGF1 2.293 

00 199 I=lt30 
U=T*365,25*ST(I) 
K=I-2+(1/2) 
I F ~ I o G T a 1 o A N O o S T I I ~ ~ L T ~ o O O O O O ~ ~  ST(Il=l- 
IF(IoGTolaANOoKoEQo1) TB=TR+(ST(I)-ST(I-L))+T 
IF(ST(i)oGToo999999) GO TO 200 

3 TB=ST(l)*T 

L 9 Y  CONTINUE 
200 CUNTIEJUE 

P C = ( T 8 * ( 8 O * C l + ~ 2 ) / ( l o - B O ~ T B )  
PS=07121*PC 
C A L L  INVINT(STtTYME,NNN) 
T=TT 
00 201 I=lr30 

C A L L  OUTTOG(TWISIIPS,STI 
201 STII)= T*365a25*ST(f) 

RETURN 
2 CONTINUE 

50 WRITE(6t1000) 
1000 FORMAT(//4X46HMISSION I M P O S S I B L E  EVEN WITH CONTINUOUS THRUST) 

ST(1)= TT 
ST(ZI=Oo 
C A L L  OUTTGG(Tw,SI,PS,ST) 
RETURN 
END 

SUBROUTINE INVINT(ST,TAU,N) 
OIFnENSION STtlO),TAU(N) 
00 1 I=1930. 
lf-(ST(IloGEolo) GO T O  1 
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T S = S T ( I ) * ( N - l )  
NTS-TS 
TS=TS-NTS 
ST(Il= T A U I N T S + l ) + T S t ( T A U ( N T S + 2 ) - T A U ( N f S + 1 ) )  

1 CONTINUE 
RFiTURh 
EN0 

SUBYOUTINE RESCAL(PsTAUtNtSCALf1 
DIPENSI i lN  P t N l v T A U I N )  
C O ~ C O N / P X X P X / P R ~ 3 0 1 ~ ~ l Y M E ~ 3 O l ~ ~ V A ~ ~ O l ~ ~ T ~ ~ O l ~ t T A U S ~ ~ O l ~  
DOUBLE PRf iCISION SUM 
SUM=O. 
T ( l I = C ) ,  
TAUS 4 11 =O, 

DU 1 I = 2 t N , 2  
T ( I 9 =  F L C I A T ~ I - l ) / ( P . J - l )  
T ( I + ~ ) = F L U A T ( I ) /  (N -1 )  
TAUS(I )=SUM+ (~.~P(I-~)+B,*P(I)-P(I+L))/~o 
SUY=SUM+ P ( I - 1 1 + 4 0 + P ( I ) + P ( I + 1 )  

TAU( Ll=Oi 

T A U S ( l + l ) = S U M  

J=2 
CC 4 I = 2 v N  
S = (  1-1 1 *SUM/ (hi-1 1 
GO 2 K=LvN 
L = J + K - 1  
IF(L.EQ.N) GO TO 3 
IF(S.LE.T4US(L) )  GO TO 3 

1 CONTINUE 

2 CONTINUE 
3 J = L  

4 TAU ( I 1 = T ( J- 1 1 + t ( S-T AU 5 ( J- 1 ) 1 1 ( TAUS ( J 1 -TAU 5 ( J- 1 1 1 1 * ( T ( J 1-1 ( J- 1 
SCALE=SUM/(3*N-3) 
RETURN 
FRO 

) 

SURKOUTINE R O O T R I A V t N A V 1 C v R Z 1 T S k r L G F )  
DIMENSICIN A V ( N A V ) t T S h ( 3 0 )  

REAL JVtKL+KHvK,JVTEST 
DATA IUSTEP/14/ 

L G F = l  
A V M A X = A V (  1) 
J V = A V ( l ) * * Z  

IF (AvMAX.LT ,AJ ( I l )  A V M A X = A V ( I )  
I F ( A V M A X . L T . A V ( I + l ) )  A V M A X = A V ( I + L )  

00 1 I=2vNAV,2 

L J V = J V + 4 , ~ A V ( I 1 * * 2 + 2 o * A ~ ( I + l ) 4 ~ 2  
J V = ~ J V - A V ( N A V l * * Z I / F L C l A T ~ h J A V * 3 - 3 )  
I F I l o - R Z )  20t2099 

9 JVTEST=BZ*C*AV( l )  
DU 10 I = 2 v N A V v 2  
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10 J V T E S ~ ~ J V T E S T + 4 ~ * ~ B ~ * C * A V ( I ) / ( I . - B Z * F L O A l ~ ~ - l ~ / f L O A ? ~ N A V ~ l ~ ~ ~  
C + 2 o ~ ( B Z * C * A V I I + 1 ) / t ~ . - B Z * f L O A T I I ) / F L O A T I ~ A ~ - l ) ) )  

J V T E S T = ( J V T E S T - B Z * C * A V ( N A V ) / ( l ~ - B Z I ) / F L O A T ~ N A V * 3 o 3 )  
I F ( J V - J V T E S T )  2 0 t 2 0 t 5 0  

2 0  UH=AVMAX 
KL=KH 

JVTEST=JV 
30 KL=KL-oS*KH 

CALL K R O O T { A V t N A V t C t B Z t K L t J V T E S T t l S U )  
I F ( J V - J V T E S T )  40t30,30 

40 DO 4 I=ltNSTEP 
K=Oo5*tKH+KL) 
J V T E S T =  JV 
CALL K R O O T ( A V ~ N A V t C , B Z t K t J V T E S T t T S U )  
1F tJV-JVTEST)  2 9 5 . 3  

GO TO 4 
2 K L = K  

3 KH=K 
4 CONTINUE 
5 CONTINUE 

RETURN 
5 0  CONTINUE 

LGF=- 1 
RkTURN 
E N 0  

SUBROUTINE OUTTOOtTWtS1,JCtTI  
DIMENSION A(4J 
O A T A  A / 4 H * * * *  9 4H**** 9 4H**** 4H**** / 
DfMENSION T (  3 0 )  
DOUBLE PRECISION T H R U S T t 1 0 ~ t O F F 1 1 0 ~ ~ A ? ~ l O ~ ~ T I M E ~ l O ~  
O A T A  THRUST/10*8H THRUST / 
O A T A  AT/lO*BH A T  / 
DATA OFF/ 8H OFF t 8H ON t 8 H  OFF t8H  ON t 

1RH OFF t 8H ON r8H OFF t 8 H  ON t8H OFF 9 

28H ON / 
DATA T f M E / 1 0 + 8 H  T IME / 
kHITE(6r2001 
W H I T E I 6 t 2 0 1 )  TW 
WRITE(6t202) Si 
WHITE(6t203) J C  

WRITE(bt5432) 
DO 1 1 = 2 t 3 0  
IF(T{f)) 2 t 2 t l  

J = l  

1 J = I  
2 CONTINUE 

J l = (  J-1) / l o t 1  
J 2 = J  
J = (  J 2 + J  1-1 1 / J  1 

J=( J t  1)  / 2  
J= 2 * J  

00 3 K K K = l , J L  
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I f 4 KKK o E O 0  J 1 1 J= J 2- I J 1- 1 1 * J 
W R I T E I 6 r 3 0 1 )  ( T H R U S T ( I ) t I = l r J )  
W H I T E ( 6 t 3 0 1 )  t O F F 1 I ) , I = l t J )  
W R f T E ( b t 3 0 1 )  t AT(  I 1 I I =  1 1  J 1 
W H I T E ( 6 r 3 0 1 1  ( T I M E ( I ) r I = l t J )  
d R I T E ( 6 1 3 0 2 )  ( T ( I ) t  I = l t J I  
W R I T E  t 6 9  5432 1 
DC 3 I z J t 2 9  
T ( I + l - J I =  T ( I + 1 )  

3 C O h i T I N U E  
W R I T k ( 6 p 7 0 0 )  A , A p A t A , A , A v A  
W R l T E ( 6 t 4 3 2 2 )  
W R i T E l 6 1 7 0 0 )  A t A I A t A t A I A I A  
R E T U R N  

5432 F O R M A T ( l O X / l O X )  
301  F O R M A T (  ~ X , A ~ ~ ~ X I A ~ , ~ X T A ~ ~ ~ X , A ~ , ~ X I A B ~ ~ X , A B ~ ~ X I A ~ ~ ~ X ~ A ~ I ~ X ~ A ~ I ~ X ~ A ~ I  

1 4 X t A 8  1 
302 F O K l u A T l  10F12.3 1 
2QQ F O R P A T ( / /  2 x 1  3 7 H P R E D I C T E D  C O N S T A N T  T H R U S T  T R A J E C T O K Y  1 
201 F U N M A T ( /  2 x 1  2 5 H T H R U S T  TO W E I G H T  R A T I O  I F12.9 1 
202 F f l R K A T ( /  2x1 1 7 H S P E C I F I C  I M P U L S E  t F 1 2 - 1  t 6H SECe 1 
203 F O R M A T ( /  2 x 1  2 4 H P E R F O R M A N C E  I N D E X  ( J C 1  I €16.6 1 

4322  F O R M A T (  10H 1 
700 F O R t J A T ( 1 H  r 2 8 A 4  1 

END 

SUBKOLITINE K R U O T ( A V r N A V q C , B Z , K t J I , T S W )  
D I M t l u S I O N  A V ( N A V l t T S W 1 3 0 1  
R E A L  J I  
R E A L  K ~ J V I M L I K L I I G L I ~ ~ I K N I I G N  
I N T E G t R  T V S T  
00 1 1=1130 

1 T S W t i ) = O ,  
0 T = l 0 / F L O A T { N A V - 1 )  
S T = O  
B = O Z  
J V = O o  
XJI=JI+L.OS 
J I = O .  
M L = l o  
K L = A V ( l ) - K  
I G L = C * B + A V ( l )  
I F ( K L . G E o O o 1  GO TO 2 1  
S T = l  
B=O . 

2 1  CONTIluUE 
UO 1 3  T = 2 , N A V  
I F ( S T o G T e 2 9 )  GO TO 12 
I F ( B i E Q o O o 1  GO TO 2 
Mhi;=PL-B*DT 
I G N = C * B * A v ( T l / M N * * Z  
D J = O . S * ( I G L + I G N ) * D T  
K N = A V ( T I / M N - K - ( J V + D J I / C  
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I F t KN 1 8 9  59 7 
5 B = O o  

JV=JV+OJ 
J I=J I+0.381IGL*ML+IGN+MN)tDT 
GO T O  6 

7 CUNTINUE 

JV=JV+OJ 
GC! TC 4 

8 S T = S T + l  

J l = J I + O o S * ( I G L + M L + I G N * M N ~ ~ D T  

CALL I N T H O N I A ~ ( T - l ) ~ S Z ~ C ~ K ~ ~ L O A T ~ T - 2 ) t D f r D T ~ D T ~ M L ~ K L ~ l G L ~ J V ~ T S ~ ~ S T ~  
I 9 3 1 1  

8=0 0 

GO TI; 11 
2 CONTINUE 

KN=AV(T)/PL-K-JJ/C 
I F ( K N ) 1 4 * 3 r 9  

3 CONlIlvUE 
HN=PL 
B=BL 
IGN=C*B*AV(T)/ML*+2 

6 ST=ST+l  
TSwIST)=FLOAT(T-l)/FLOAT(NAV-l) 
GO TC 4 

9 ST=ST+L 
CALL i N T R U P ( A V ( T - l ) , B L , C ~ ~ , F L O A T o + 0 T r D T , D T , ~ L ~ K L , I G L ~ J V ~ T S W ( S T )  

I r J I )  
B=BZ 
GO T C  1 1  

4 CONTINUE 
HL=MN 
IGL=IGN 

14  CONTINUE 
KL=KN 
GO T O  11 

11 CONTLIVUE 
I F ( M L o L T o O ) J I = l - E 4 0  
I F ( X J I , L T , J I )  RETURN 

13 CONTINUE 
12 CCNTINUE 

RETURN 
END 

SUBROUTINE I N T R D N ( A V , B , C , K , T , D T , M L , K ~ , ~ G ~ T J V , T S W , J I )  
DIPENSION A V t 2 )  
REAL YNwKNrIGN 
REAL ML,KL,IGL,K 
REAL J I  r J V  
MNsML-B*OT 
IGN=C*B*AV(2)/MN*+Z 
K N = A V 1 2 ) / M N - ( 0 5 ~ ( 1 G L + I G ~ ) * D ? + J V ) / C - K  
O T S =  t(L*DT/tKL-KN) 
T S W =  T + D T S  
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PN=PL-B*UTS 
A V 2 = { A V ( l ) a ( D T - D T S ) + A V ( 2 ) * D T S ) / ~ T  
IGN=C*B*AV2/MN**2 
DJ=O.b* ( IGL+ IGNI *UTS 
J V = JV + 13 J 
J I = J I t O . S * (  IGL*Mlt IGN*MN)*OTS 
KL=AV(Z) /ML-JV/C-K 
IGL=C*B*AJ(Z) /ML**Z 
EZL=MIv 
IF(KL.GT.O.)  KL=O, 
RETUHN 
END 

SUBHObTIdE I N T R U P ( A V , B , C , K I T T D T , M L I K L , I G L ~ J V ~ T S W , J I )  

REAL IUNIKN,IGN 
REAL ML,KL,IGL,K 
K t A L  J I  ( J V  
KN=AV/2) /PL-JV/C-K 
D T S =  KL*DT/ IKL-KN) 
A V l = ( A V ( l ) * ( D T - D T S ) + A V ~ Z $ * D T S ) / O T  
TSh=T+DTS 
D T S = C  1-D T S  
MN=ML-B*DTS 
IGN=C*B*AVl/ML**2 
IGL=C*B*AV(2) /MN+*Z 
J V = J V + 0 , 5 * ( I G N + I G L ) * D T S  
JI=JI+O~5*(IGN*ML+IGL*MN)*DTS 
PL=MN 
KL=AV(Z)/ML-JV/C-K 
IF (KL .LT .0 . )  KL=O. 
RETURN 
€NE 

DIPENSION A V ( 2 )  
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DIPENSION G ( 3 )  
S=H 
CALL MODLEG(TtNL,S,LN) 
CALL P O L E V L ( A V l l , L N I , G t S , N D , N P I N )  
2 = 0 .  
DO 15 M-ltNO 

15 z=z~G(M)**z 
AMAP= SCRT 1 Z 1 
RETURN 
€ND 
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